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The highly specialized nature of marine mammals when compared with their 
terrestrial counterparts, the environment in which they live, and the impact humans 
have had on them today and throughout history, have made of the study of these 
creatures something unique in itself. Probably with the exception of primates, no other 
animal group has been perceived as so distinctive. Therefore, it is not surprising that 
many researchers have also taken a particular approach to their research. 

This volume is aimed at providing a glimpse at such diversity of views and 
approaches while delivering valuable information in marine mammalogy. Given the 
increasing concern regarding issues of anthropogenic factors affecting these animals it 
is not surprising that the majority of chapters deal with environmental issues. 

In the first chapter of this volume I looked at a question that has baffled some 
biologists and historians of science alike: how come the suggestion by Aristotle that 
cetaceans were closely related to their terrestrial counterparts (“viviparous 
quadrupeds”) rather than fish was ignored for about 2,000 years. Interestingly enough 
it was a non-evolutionist naturalist, Carl Linnaeus, who would create the taxon 
Mammalia and include cetaceans among them. I advanced the idea that a combination 
of environmental classification and scholasticism led to their misclassification for 
centuries.   

The late Ed Keith (see his obituary at the end of this book) presents a matrix model of 
fasting metabolism in the northern elephant seal (Mirounga angustirostris). He provides 
evidence that pups maintain a paradoxical fasting hyperglycemia while fasting for 6-8 
weeks after nursing for about 30 days. He discusses this apparent contradiction as 
possibly related to differences in time scale between the enzymatic reactions occurring 
among these animals versus the time scale of the actual fasting period. 

Marsili et al. introduce the original term of  “Test Tube Cetaceans” in the title of their 
chapter describing cetacean fibroblast cell cultures obtained from the skin biopsies of 
stranded cetaceans, as the “test tube cetaceans” to evaluate susceptibility to 
genotoxicity of different environmental contaminants. They suggest how to evaluate 
the presence of DNA damage by Comet assay in these cetaceans after treatment with 
different genotoxic compounds. 
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The chapter by Alava and Gobas on biomagnification and trophic transport of 
persistent organic pollutants (POPs) in the food chain of the Galapagos sea lion 
(Zalophus wollebaeki) provides us with what is prob ably the first biomagnification 
assessment of POPs in a tropical marine ecosystem of the southeastern Pacific. Despite 
the fact that they studied a population of  marine mammals in a protected area (the 
Galapagos Marine Reserve) and far away from the usual sources of industrial 
pollutants, the authors found that endangered species at the top of the food web are 
not immune to the health risks associated with the long range environmental transport 
of POPs. Therefore, this problem, which has been extensively documented for other 
areas of the world, now appears commonplace wherever you look for it. 

Wise et al. provide another study on the topic of marine mammal toxicology. They use 
skin biopsy applications in free ranging mari ne mammals and found it as a very useful 
tool for studying marine mammal toxicology and conservation. They developed a cell 
line to measure baseline DNA damage levels while serving as a species-specific model 
for evaluating the impacts of marine pollutants on DNA.  Thus, using a skin biopsy 
they were able to assess both exposure and impact of exposure. 

Mouton and Botha take an ecological approach to a topic that has become more and 
more the focus of attention among some marine mammalogists: cutaneous lesions in 
cetaceans due to human impacts on the environment. They review previous reports to 
evaluate the microbes that seem to be the causative agents, as well as contributing 
factors such as anthropogenic activities. They found that anthropogenic activities play 
a role in allowing contact and consequent adhesion of opportunistic microbes from the 
natural environment, as well as from sewage entering the marine environment. They 
also point out at toxic pollutants intrudin g on the physiology of these mammals by 
compromising their immune systems, rendering them susceptible to a host of health 
threats. They conclude that skin lesions among cetaceans may be indicative of an 
ecosystem under severe pressure and a result of human activities. 

Arbiza et al. report eviden ce of influenza virus and Mycobacterium pinnipedii infections 
among individuals of two pinnipeds ( Arctocephalus australis and Otaria flavescens) on 
the coasts of Uruguay. They confirmed that fur seals could act as reservoirs of human 
influenza strains that circulated in the past, and also suggest that influenza A and B 
viruses may be transmitted from humans to seals. This is most likely the result of 
interactions during capture and research activities, as well as in rehabilitation centers 
and sometimes with divers that swim near th e seal islands. Furthermore, they suggest 
that keepers and veterinarians at zoos, aquaria and rehabilitation centers are at 
increased risk of infection because of their extensive contact with the animals.  

Ohishi et al. looked at morbillivirus, a causative agent of mass die-offs of marine 
mammals. Given that a notable biological feature of morbillivirus is its high level of 
host specificity, they researched SLAM (the principal cellular receptor for 
morbilliviruses allowing entry and propag ation) and found that 32 amino acid 
residues on the interface of SLAM V domain, which are potentially involved in the 
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interaction with viruses. These amino acid residues are thought to be important for 
host–virus specificity. They hypothesize th at recent climate change may increase the 
opportunities for new contacts among wild  mammals and for the transmission of 
viruses and propose a new approach to assess the viral sensitivities of wild mammals 
by analyzing the host receptors.  

In her chapter Brito described early sealing and whaling in the Northeast Atlantic 
from Portuguese activities. Using relatively unknown Portuguese records of 
encounters and hunting of monk seals in the Atlantic and medieval and early modern 
whaling in the Iberian Peninsula, she was able to identify and understand 
environmental changes integrated in a time of resources exploitation and highly 
predatory perceptions towards the marine environment.  

In my chapter on Yankee whaling in th e Caribbean basin I analyze available 
information at providing a historical context for understanding the economic and 
political issues that influenced the developm ent of this activity and their cultural and 
ecological impact. Yet, that influence was not uniform and the heterogeneity in its 
impact was due to a number of historical and cultural circumstances.  At the end I 
conclude that the development of whaling in  the Wider Caribbean area was the result 
of how multiple factors interplayed. 

This book ends with a sad note. It is the obituary of the co-editor of this volume. 
Edward O. Keith was an excellent scholar and teacher and an even better human being 
whose life was cut short just when the book was almost ready to be sent for 
publication. His colleagues and friends will sorely miss him. 

 
Aldemaro Romero  

College of Arts and Sciences, Southern Illinois University Edwardsville,  
Peck Hall, Edwardsville, IL,  

USA 
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1. Introduction 

Cetacea (whales and dolphins) is a natural group that has for centuries generated a great deal 
of misunderstanding and controversy regarding it s proper place in natural classification. As 
late as 1945 Simpson wrote that “Because of their perfected adaptation to a completely 
aquatic life, with all its attendant conditions of respiration, circulation, dentition, locomotion, 
etc., the cetaceans are on the whole the most peculiar and aberrant of mammals.” 

Although both molecular and paleontological data have provided a much better 
understanding of the placement of this group among mammals, there is no question that 
despite being studied and dissected by dozens of naturalists since Aristotle, these animals 
were always misclassified. This group provides an  interesting case study for intellectual inertia 
in the history of science. In other words, why did so many sci entists misplace this group in the 
natural classification despite the fact that they themselves were gathering critical information 
that showed the close relationship these animals had to what we know today as mammals? 

The aim of this chapter is to explore this question. To that end I will (1) survey the 
naturalists who studied cetaceans providing cl ues of their true nature, (2) describe the 
intellectual environment in which their conclu sions were made, and (3) discuss the factors 
behind this intellectual inertia. 

For the purpose of this chapter I have only taken into consideration works that had some 
scientific basis and/or that in some ways influenced the process of placing cetaceans as 
mammals. Authors are enumerated based on the date of the major publication they 
produced on cetaceans. For synonyms in names of marine mammals through time see 
Artedi (1738) and Linnaeus (1758). 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 

Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited.
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2. Ancient times 

2.1. Aristotle 

Aristotle 1 was the son of Nicomachus, the personal physician of King Amyntas of Macedon 
and Phaestis, a wealthy woman2. Nicomachus may have been involved in dissections 
(Ellwood 1938, p. 36), a key tool in Aristotle’s biological studies, particularly on marine 
mammals. Aristotle lost both his parents when  he was about 10 and from then on he was 
raised of his uncle and/or guardian Proxenus, also a physician (Moseley 2010, p. 6). Early 
Greek physicians known as asclepiads usually taught their children reading, writing, and 
anatomy (Moseley 2010, p. 10). 

In 367 BCE Aristotle moved to Athens to study at Plato’s Academy, and later travelled 
throughout Asia Minor and stud ied living organisms while at th e island of Lesbos (344-342 
BCE) where he collected a lot of information about marine mammals. He later created his 
own philosophical school, the Lyceum, in Athens where most of his written work was 
produced between 335 and 323 BCE.  

Aristotle is the first natural historian from whom we have any extensive work. One of his 
surviving opuses is Historia Animalium (inquiry about animals) 3. There he classified animals 
as follows (beginning from the top): “blooded” animals (referring to those with red blood, 
vertebrates) with humans at the top, viviparo us quadrupeds (what we would call terrestrial 
mammals), oviparous quadrupeds (legged reptiles and amphibians), birds, cetaceans, fishes, 
and then “bloodless” animals (inv ertebrates). He named each one of these groups a “genus.”  

Humans 
Viviparous quadrupeds (terrestrial mammals) 
Oviparous quadrupeds (reptiles and amphibians) 
Birds 
Cetaceans 
Fish 
Malacia (squids and octopuses) 
Malacostraca (crustaceans) 
Ostracoderma (bivalve mollusks) 
Entoma (insects, spiders, etc.) 
Zoophyta (jellyfishes, sponges, etc.) 
Higher plants 
Lower plants 

Based on the “kinds” of anim als and the varieties he described we can distinguish 
somewhere between 550 and 600 species. Most of them he had observed directly and even 
                                                                 
1 b. Stagira, Chalcidice, Macedonia, today’s Greece, 384 BCE; d. Chalcis, Euboea, Ancient Greece, today’s 
Greece 322 BCE 
2 Biographical information on Aristotle is largely based on Barnes (1995). 
3 We used the text available at http://classics.mit.edu/Aristotle/history_anim.html 
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dissected but others were based on tales and he warned about the accuracy of those 
descriptions. For example, although he mentioned information in numerous occasions 
provided to him by fishers, many times (but not always) he debunks some of the fallacies he 
heard based on his own observations, particularly when it came to reproduction. 

Of what we would consider today as mammals (including cetaceans) he described about 80 
and about 130 species of fishes, which, again, underlines the extensive work, he did on 
marine creatures, mostly while living at Lesb os. Under the genus “Cetacea” he included at 
least three species: (1) “dolphins” probably a combination of striped dolphin (Stenella 
coeruleoalba, the most frequent species in the Mediterranean), the common dolphin 
(Delphinus delphis), and the bottlenose dolphin (Tursiops truncatus); (2) the harbor porpoise 
(Phocoena phocoena) which he described as “similar to dolphins but smaller and found in the 
Black Sea” (“Euxine”) (HA 566b9)4; and, (3) the fin whales (Balaenoptera physalus) another 
common species in the Mediterranean at that time. 

The motives behind Aristotle classification system, particularly animals, were not biological 
in nature but rather philosophical. For him thes e creatures were evidence for rational order 
in the universe. This approach meant that species were rigid elements of the world and, 
thus, he never contemplated mutability or anything close to evolution, despite the fact that 
earlier Greek philosophers such as Anaximander envisioned the mutability of species. 
Furthermore, Aristotle’s motive for conducting  this categorization was done in such a way 
that we can then identify the causes that explain why animals are organized the way they 
are. His investigation into those causes is carried out in other surviving biological works 
(e.g., Parts of Animals). When describing species he adhered to his teleological doctrine of 
purposiveness in nature.  

Aristotle was able to distinguish between homo logy and analogy, recognizing cetaceans as a 
natural group with many similarities with other mammals (“viviparous quadrupeds”). He 
considered cetaceans as “blooded” animals, adding, “viviparous such as man, and the horse, 
and all those animals that have hair; and of the aquatic animals, the whale kind as the 
dolphin and cartilaginous fishes” ( HA 489a34-489b3). He also wrote: “all creatures that have 
a blow-hole respire and inspire, for they are pr ovided with lungs. The dolphin has been seen 
asleep with its nose above water as he snores (HA 566b14). All animals have breasts that are 
internally or externally viviparous, as for inst ance all animals that have hair, as man and the 
horse; and the cetaceans, as the dolphin, porpoise and the whale -for these animals have 
breasts and are supplied with milk” ( HA 521b21-25). Among the species he described were 
dolphins, orcas, and baleen whales, noting that “the [whale] has no teeth but does have hair 
that resemble hog bristle” (HA 519b9-15). Thus, he was the first to separate whales and 
dolphins from fish.  

However, Aristotle placed whales and dolphins below reptiles and amphibians, because 
their lack of legs, despite his physiological and behavioral observations that they were 
related more closely to “viviparous quadrupeds” than to fish. 

                                                                 
4 These citations for Historia Animalium follow the Bekker’ pagination. 



 
New Approaches to the Study of Marine Mammals 4 
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Cetaceans 
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Ostracoderma (bivalve mollusks) 
Entoma (insects, spiders, etc.) 
Zoophyta (jellyfishes, sponges, etc.) 
Higher plants 
Lower plants 

Based on the “kinds” of anim als and the varieties he described we can distinguish 
somewhere between 550 and 600 species. Most of them he had observed directly and even 
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Aristotle followed his teacher Plato in classifying animals by progressively dividing them 
based on shared characters. This is an embryonic form of today’s classification more fully 
developed by Linnaeus. The reason he ordered the different “genera” the way he did was 
because he considered “vital heat” (characterized by method of reproduction, respiration, 
state at birth, etc.) as an index of superiority placing humans at the very top. Men were 
superior to women because they had more “vital heat.” On this he followed Hippocrates’s 
ideas, since the Greek physician thought there was an association between temperature and 
soul.  

Yet he was not fully satisfied by this approach given that a number of “genera” had 
characters that were shared across groups, particularly when compared with their habitats. 
For example, both fishes and cetaceans had fins, but they differ markedly on other 
characters such as reproduction (oviparous vs. viviparous) or organs (gills vs. lungs, 
respectively). 

Many of Aristotle’s observations about cetaceans remain accurate. In terms of internal 
anatomy he mentioned that they have internal reproductive organs ( HA 500a33-500b6), that 
dolphins, porpoises, and whales copulate and are viviparous, giving birth to between one 
and two offsprings having two breasts located near the genital openings that produce milk 
(HA 504b21), that dolphins reach full size at the age of 10 and their period of gestation is 10 
months, show parental care, some may live up to 30 years and this is known because fishers 
can individually identify them by marks on their bodies (HA  566b24), and that dolphins 
have bones (HA 516b11). 

Regarding behavior and sensory organs he said that dolphins have a sense of smell but he 
could not find the organ ( HA 533b1), that dolphins can hear despite the lack of ears (HA 
533b10-14), produce sounds when outside the water (HA 536a1), that dolphins and whales 
sleep with their blowhole above the surface of the water (HA 537a34), are carnivorous (HA 
591b9-15), and swim fast (HA 591b29). 

He held that cetaceans are not fishes because they have hair, lungs (HA 489a34), lack gills, 
suckle their young by means of mammae, they are viviparous (HA 489b4), and that their 
bones are analogous to the mammals, not fishes. Still they he calls them “fishes” (HA 
566b2-5).  

These basic Aristotelian biological descriptions persisted for good and for bad until Charles 
Darwin’s evolutionary work. On one hand his descriptions were so accurate that Darwin 
admired Aristotle, to the point that he said pr ivately that the intellectual heroes of his own 
time “were mere schoolboys compared to old Aristotle.” 5 Yet the fact that Aristotle saw the 
natural world as fixed in time with no room for evolution and that he kept calling cetaceans 
“fishes,” would delay intellectual progress for many centuries when it came to the 
classification of these animals. 
                                                                 
5 Darwin Correspondence Database,�Rhttp://www.darwinproject.ac.uk/entry-11875  accessed on 25 Feb 
2012. 

When Whales Became Mammals:  
The Scientific Journey of Cetaceans From Fish to Mammals in the History of Science 7 

Aristotle’s influence on naturalists’ classification of life would extend until Darwin’s times 
when evolutionary views replaced the fixi ty of species as elements in nature. 

2.2. Pliny the elder 

Pliny the Elder 6 was the son of an equestrian (the lower of the two aristocratic classes in 
Rome) and was educated in Rome. After serving in the military he became a lawyer and 
then a government bureaucrat. In these positions he travelled not only throughout what is 
Italy today but also what it would later became  Germany, France and Spain as well as North 
Africa (Reynolds 1986). 

He wrote a 37-volume Naturalis Historia7 (ca. 77-79) in which according to himself he had 
compiled “20,000 important facts, extracted from about 2000 volumes by 100 authors” and 
was written for “the common people, the mass of  peasants and artisans, and only then for 
those who devote themselves to their studies at leisure” (Preface 6). This is the earliest 
known encyclopedia of any kind, which has been interpreted as a Roman invention in order 
to compile information about the empire (Naas 2002, Murphy 2004). It was a rather 
disorganized book, whose prose has been criticized by many (Locher 1984). Pliny seemed to 
be more interested in what appeared to be curiousities than what were facts. This is a big 
collection of facts and fictions, based mostly said on things said by others. 

He devoted 9 of the 37 volumes to animals and ordered them according to where they live. 
Volume IX (Historia Aquatilium) of Naturalis Historia is devoted to aquatic creatures, whether 
living in oceans, rivers or lakes, whether vertebrate or invertebrate, real or mythical. Based 
on their size he categorized as “monster” anythi ng big, whether it is a whale, a sawfish or a 
tuna (IX 2,3). 

He grouped together all known species of cetaceans (cete) but constantly mixed their 
descriptions with those of other marine mammals such as seals as well as with cartilaginous 
fishes, such as some sharks (pristis). Pliny mentioned the three species cited by Aristotle: 
dolphins ( delphinus, probably a combination of striped dolphin [ Stenella coeruleoalba] and the 
common dolphin [Delphinus delphis], IX 12-34), porpoises (porcus marinus, the harbor 
porpoise [Phocoena phocoena], IX 45) and whales (ballaena, possibly a combination of large 
toothless whales [mysticetes] IX 12-13). Then he added a few more: the thursio or tirsio 
(probably the bottlenose dolphin, Tursiops truncatus IX 34), the physeter (probably the sperm 
whale [Physeter macrocephalus] IX 8) found in the “Gallic Ocean” (probably the Bay of Biscay, 
IX 3, 4), the orca (probably the killer whale [ Orcinus orca] IX 12-14), and the river dolphin 
from India (possibly Platanista gangetica, IX 46). He also mentioned some mythical creatures 
such as Homo marinus (Sea-Man, IX 10) and the Scolopendra marina (IX, 145) a mythical 

                                                                 
6 b. as Gaius Plinius Secundus 23/24 CE in what is now Como, Italy; d. 25 August 79 CE near Pompeii, 
Italy. 
7 I used the version available at:  
http://www.perseus.tufts. edu/hopper/text?doc=Plin.+Nat.+toc&redirect=true 
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organism whose legend may be based on polychaetes, marine annelids characterized by the 
presence of many legs (Leitner 1972, p. 218). 

Pliny recognized that neither whal es nor dolphins have gills, that they suckle from the teats 
of their mothers, and that they are viviparous. In addition to these true facts copied from 
Aristotle, he mentioned exaggerations such as whales of four jugera (ca. 288 m) in length 
that because of their large size “are quite unable to move” (IX 2,3). In addition to some of the 
biological facts mentioned by Aristotle, Pliny adorns his narrative with all kind of casual 
tales about interactions between cetaceans and humans.  

By lumping together all kinds of aquatic organism s it is hard to distinguish what he called 
“fish” and what he did not (see for example IX  44-45). His classification took a step back 
from Aristotle because he did not try for a comprehensive classification of animals. He failed 
to compare organisms based on shared or divergent characters. Many times he ordered 
creatures based on size, from the largest to the smallest. Yet, his work had great influence 
for 1700 years, which was unfortunate because he was an uncritical compiler of other 
people’s writings (even if they were contradictory). Pliny also created a number of 
unfounded impressions about the reality of natu re. His only positive contribution was that 
he established the norm of always citing the sources of his information (in actuality 437 
authors, whose works, in some cases, are no longer available).  

3. Medieval times  

During the middle ages, little progress was made  in the sciences. Students were urged to 
believe what they read and not to question conventional wisdom. Logic determined truth, 
not observation. Free thought was non-existent and minds were filled with mythological 
explanations for the unknown. Marine mammals  were depicted as monsters and little new 
information was generated. 

4. The renaissance  

The Renaissance was a time of awakening and the religious ideology began to be 
questioned. The translations of the works of Aristotle and Pliny into Latin and the 
introduction of the printing press helped to  spread the little knowledge accumulated until 
that time about natural history in the wester n world. For example, by 1500 about 12 editions 
of Aristotle’s Historia Animalium and 39 of Pliny’s Historia Naturalis had seen the light, which 
is evidence of the popularity of these works. During this age of discovery the finding of 
species that were never mentioned neither by Aristotle nor the Bible, opened up scientific 
curiosity about new creatures around the world.  Thus, people once again began to seek new 
knowledge. However, in these times, naturalists were more compilers of information than 
investigators despite the fact that they were performing more dissections that in turn 
uncovered new taxonomic possibilities. Still, scientists relied on environmental aspects to 
classify animals. Collecting was a primary activity during th is era (Alves 2010, p. 54). 
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4.1. Pierre Belon 

Belon8 was the first author studying marine mammals in this historical period. Little is 
known about his family and early years. He tr aveled extensively throughout Europe and the 
Middle East, including the Arabian Peninsula an d Egypt. Among the places he visited were 
Rome where he met two other ichthyologists, Rondelet and Salviani (see below). He studied 
medicine at the University of Paris and botany  at the University of Wittenberg, Germany. 
He served as a doctor and apothecary for French kings, as well as a diplomat, traveler, and 
as a secret agent (he was murdered under strange circumstances) (Wong 1970).  

His L'Histoire Naturelle des Estranges Poissons Marins (1551) was the first printed scholarly 
work about marine animals. This book was expanded and published in French in 1555 as La 
Nature et diversité des poissons including 110 species with illustrations for 103 of them.  

Belon not only reproduced information from Aristotle and Pliny but also added his own 
observations including comparative anatomy an d embryology. For him “fish” was anything 
living in the water. He divided “fishes” in tw o large groups: the first was “fish with blood” 
(as Aristotle had done) that included not only actual fishes but also cetaceans, pinnipeds, 
marine monsters and mythical creatures such as the “monk fish,” as well as other aquatic 
vertebrates such as crocodiles, turtles, and the hippopotamus. He called a second group 
“fishes without blood” and consisted of aqua tic invertebrates (see also Delaunay 1926).  

He ordered what we know as cetaceans today in a vaguely descending order based on size: Le 
balene (mysticete whales, although in the illustration he depicted a cetacean with teeth), Le 
chauderon (sperm whale? although he mentions the sawfish), Le daulphin (common dolphins on 
which he devoted 38 pages of this 55-page book), Le marsouin (porpoise), and L’Oudre (bottlenose 
dolphin) (for a rationale on the identification of  these species see Glardon 2011, p. 393-398). He 
dissected common dolphins (D. delphis) and porpoises (P. phocaena) acquired at the fish market in 
Paris brought in by Normandy fishers, and probably a bottlenose dolphin ( T. truncatus) as well. 

He described these marine mammals as having a placenta, mammae, and hair on the upper 
lip of their fetus. Belon wrote that apart from the presence of hind limbs, they conform to the 
human body plan with features such as the liver , the sternum, milk glands, lungs, heart, the 
skeleton in general, the brain, genitalia. He also dealt with issues of breathing and 
reproduction (although from the description it is  clear that he never saw one of these animals 
giving birth, since he depicted the newborn surrounded with a membrane). He drew the 
embryo of a porpoise and the skull of a dolphin (Fig. 1). Despite all this he did not make the 
connection between cetaceans and “viviparous quadrupeds” and based his entire 
classification on environmental fo undations, as he made clear in the introduction of his work. 

4.2. Edward Wotton 

Wotton 9 was the son of a theologian who did general studies at Oxford and studied 
medicine and Greek at Padua (1524-6). He was a practicing physician who published De  

                                                                 
8 b. 1517, Soultière, near Cerans, France; d. April 1564, Paris, France. 
9 b. 1492, Oxford, England; d. 5 October 1555, London, England. 
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4.1. Pierre Belon 
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dissected common dolphins (D. delphis) and porpoises (P. phocaena) acquired at the fish market in 
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He described these marine mammals as having a placenta, mammae, and hair on the upper 
lip of their fetus. Belon wrote that apart from the presence of hind limbs, they conform to the 
human body plan with features such as the liver , the sternum, milk glands, lungs, heart, the 
skeleton in general, the brain, genitalia. He also dealt with issues of breathing and 
reproduction (although from the description it is  clear that he never saw one of these animals 
giving birth, since he depicted the newborn surrounded with a membrane). He drew the 
embryo of a porpoise and the skull of a dolphin (Fig. 1). Despite all this he did not make the 
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4.2. Edward Wotton 
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8 b. 1517, Soultière, near Cerans, France; d. April 1564, Paris, France. 
9 b. 1492, Oxford, England; d. 5 October 1555, London, England. 
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���������  Illustrations of marine mammals by Belon (1551): (a) and (b) are representations of the 
common dolphin ( Delphinus delphis); (c) a porpoise (Phocaena phocaena); (d) a bottlenose dolphin 
(Tursiops truncatus, although he uses the name of “Orca”) presumably giving birth; (e) the skull of a 
dolphin; (f) a porpoise fetus in a placenta, showin g that he had actually dissected these animals. 

(a) (b)

(c) (d)

(e) (f)
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Differentiis Animalium Libri Decem (1552), probably the first published book on natural 
history of the Renaissance. This was a 10-part (“books”) treatise that followed the 
classification structure by Aristotle while adding some comments from Pliny. In Book 8 (pp. 
171-173) he placed Cete together with fishes because of the medium they inhabit. Except for 
entomology he did not conduct any original observations on animals nor include any 
illustrations. His contemporaries noted hi s lack of originality (Nutton 1985).  

The list of cetacean species included Delphino (dolphins), Phocaena (porpoises), Balaena 
(mysticete whales), Orca (either the bottlenose dolphin or the killer whale) and Physeter (the 
sperm whale).  

4.3. Guillaume Rondelet 

Rondelet10 was the son of a drug and spice merchant. He studied medicine at the University 
of Montpellier, one of the best medical schools in Europe at that time. While in Paris he 
studied anatomy under Johannes Guinther, who also taught Vesalius. Rondelet would later 
become Professor of medicine and Chancellor at Montpellier (Keller 1975). He probably 
acquired his interest in ichthyology at a young age while living in Montpellier (about 12 km 
from the coast) because his family owned a farm that was a stopping place for carts of fish 
from the Mediterranean (Oppenheimer 1936). During his trips as personal physician to 
Francois Cardinal Tournon (who was also the patron of Belon) to the Atlantic coasts of 
France, he became acquainted with the whaling industry. Rondelet met several 
contemporary ichthyologists while in Rome (1549-1550) such as Belon, Hippolyto Salviani, 
and Ulyssis Aldronvandi (Gudger 1934). Guillaum e Pellicer, Bishop of Montpellier, who 
was also interested in fishes but never published on ichthyology, may have influenced 
Rondelet (Oppenheimer 1936, Dulieu, 1966).  

He enjoyed dissecting and did so frequently for both teaching and research purposes. He 
published Libri de Piscibus Marinis in quibus verae Piscium effigies expressae sunt (1554) with a 
second part titled Universae Aquatilium Historiae pars altera (1555) about both marine and 
freshwater animals. Both were later translated into French as L’histoire entière des poissons 
(1558, 599), a monograph for teaching purposes.  

After writing about food, habitat, morphology,  and physiology, he described 145 freshwater 
and 190 marine species that included at least seven species of cetaceans: delphino (common 
dolphin), phocaena (porpoise), tursione (bottlenose dolphin, although the illustration more 
resembles a porpoise), balaena vulgo and balaena vera (two different species of mysticetes 
whose true identities are difficult to ascertain), orca (killer whale), and physetere (sperm 
whale) (Fig. 2). He also included among cetaceans the priste (sawfish) and mythical animals 
such as Pliny’s scolopendra cetacea, the monstruo leonino (a lion covered with scales and with a 
human face), the pisce monachi habitu (a fish that looks like a monk), and the pisce Episcopi 
habitu (a fish that looks like a bishop) of whic h he was skeptic. All together his book 
contained more species than previous published works. Each species description included 

                                                                 
10 b. 27 September 1507, Montpellier, France; d. 30 July 1566, Réalmont, Tarn, France 
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the animal’s name in different languages, their morphology (external and internal), feeding 
habits, and use as food for humans. Species were differentiated similarly to Aristotle as 
blooded and non-blooded. Altho ugh Aristotle inspired the entire book, including 
teleological considerations in his discussions, Rondelet added some original ideas, 
especially concerning anatomy and descriptions of the small cetaceans he dissected. 
Rondelet made correlations between form, function, and environment.  

 
���������  Illustrations of marine mammals by Rondelet (1554): (a) a dolphin showing a fetus surrounded 
by a placenta indicating it was a viviparous animal; (b) a porpoise; (c) an unidentified species of 
mysticete, probably a right whale because may have been observed by Rondelet during a whaling 
operation in the Atlantic; (d) an unidentified species of mysticete that he never saw as evidenced by the 
depiction of barbels above the mouth; (e) orca (Orcinus orca); (f) a sperm whale (Physeter macrocephalus). 
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Despite noting differences, he grouped marine mammals with fish based on habitat. For 
example, he noted that fishes with scales lack lungs and have a three-chamber heart while 
what we know today as marine mammals have hearts with four chambers. He compared the 
anatomy of a dolphin to that of the pig and hu mans. Based on this and his descriptions of 
other internal organs, he considered marine mammals to be a type of aquatic quadruped. 
Yet, he did not propose a system of classification. He did not advance the notion of valid 
classification, but because of the quality of his descriptions his work remained as the main 
reference for about 100 years.  

4.4. Conrad Gessner 

Gessner11 probably developed an interest in zool ogy after seeing the carcasses of furred 
animals at his father’s workshop where several furriers worked. He also lived with a great-
uncle, an herbalist, who furthered his interest  in natural history (Bay 1916, Gmelig-Nijboer 
1977, p. 17, Wellisch 1984, p. 1). He was an avid traveler who studied theology and medicine 
in Bourges, Paris, Montpellier, and Basel (Fischer 1966) and had great facility for classical 
languages. During his travels Gessner met with Belon and Rondelet. He is considered as the 
“father of bibliography” because of his work on compiling information about books (Bay 
1916). Gessner himself had a very large private library of more than 400 volumes (which 
was a very large private collection for his time) of which 19% of the volumes were on 
natural history and 13 of them were on zoolo gy (Leu et al. 2008, pp. viii, 1, 13, 21). He 
published Historiae Animalium (1551-1558), an encyclopedic (4 volumes, 4,500 pages treatise) 
but uncritical compilation of information and bibliography in which he intended to itemize 
all of God’s creations. In addition to classic authors such as Aristotle and Pliny, Gessner 
obtained information from whomever he coul d correspond. He classified cetaceans among 
‘aquatic animals,’ i.e., including fishes. The fourth volume ( Piscium & Aquatilium) of 1297 
pages was published in 1558 and was about the aquatic animals. A fifth volume on reptiles 
and arthropods was not published until 1587, posthumously. Historiae was added to the list 
of prohibited books because Gessner was Protestant. Yet, the 14 editions in different 
languages of this book reveal its popularity.  

Gessner followed Aristotle’s classification of animals when it came to their grouping by 
volume (Vol. 1: viviparous quadrupeds; Vol. 2: oviparous quadrupeds; Vol.  3: birds; Vol. 4: 
aquatic animals; Vol. 5: serpents). He ordered them alphabetically, like a “Dictionarium,” in 
each volume, which did not provide a rational classification based on relationships of any 
kind; on the other hand this al phabetical order facilitated its use as an encyclopedic source. 
Gessner’s intention was to collect any piece of information ever written about each animal 
by any author in history, he cited nearly 250 authors including Rondelet (Libri de Piscibus 
Marinis, 1554), Belon (De Aquatilibus,1553), and Salviani (Aquatilium Animalium, 1554). The 
latter only mentioned marine mammals in passim. 

                                                                 
11 b. 16 March 1516, Zürich, Switzerland; d. 13 December 1565, Zürich. 
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���������  Some of the “Cetis” described by Gessner (1558): (a) and (b) two examples of marine 
monsters; (c) a whale attacking a ship and another being flensed during whaling operations. Both show 
mysteces with teeth, which indicates that Gessner never saw these animals. This exemplifies that 
Gessner was an uncritical compiler of information. 

Information included names of the animals in  various languages (some times more than a 
dozen) comprising epithets and etymolo gy (even inventing common names in other 
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languages when those names were not available), physical features, geographic distribution, 
the animal’s way of living including diseases and their cures, behavior, utility towards man 
(e.g., for food or medical purposes), and tales. His work was full of illustrations: some were 
very accurate showing that he had first-hand  knowledge of the animal in questions while 
other were bizarre or just invented, especially when dealing with mythical creatures.  

Gessner included a 16-page-folio discussion about the dolphin very much along the lines of 
Aristotle and Pliny. As an uncritical compile r he included contradictory or totally false 
information such as mythical species and even “monsters.” In volume 4 he relied heavily on 
Belon and Rondelet. For example, Monachus marinus (sea monk, IV, p. 519) description was 
copied from Rondelet who, in turn, had receiv ed the description from Marguerite, Queen of 
Navarre, who heard it from Emperor Charles V’s ambassador, who had claimed to see the 
monster himself (Kusukawa 2010). He did not add much to what was already known. 
Among marine mammals he mentioned are the Balaena (mystecete whales, IV, p. 128) 
depicted more as sea monster than as an actual whale, Cetis diversis (IV, p. 207), an amalgam 
of marine monsters based on Olaus Magnus’s descriptions of sea monsters from seas from 
northern Europe, Hominis marinis (IV, p. 438), a collection of humanoid sea monsters such as 
the sea-monk and the sea-bishop. To certain extent he was skeptical of accuracy of some of 
these descriptions by other authors. 

Many of the figures were made by others and copied directly from other books including 
those of “cetaceous” animals as was the case of a whale which was copied from Olaus 
Magnus’ map of the Northern Lands (IV, p. 176) (Fig. 3).  

4.5. Ulysses Aldrovandi 

The last author who published anything of significance about marine mammals during the 
Renaissance was Aldrovandi12. He was born to a noble and wealthy family, which allowed 
him to initially dedicate his life to his own pursuits. He was educated in Bologna, Padua, 
and Rome, receiving degrees in law and medicine although he never practiced those 
professions. He was appointed as the first professor of natural history in the University of 
Bologna. Although he was a pious Catholic, because of what he read he was charged with 
heresy. After producing himself in Rome, he was acquitted. While in Rome he met Rondelet 
and accompanied him to the fish markets where he became interested in ichthyology (which 
included the study of marine mammals) collecting specimens for his own museum. He 
traveled extensively throughout Italy and made a collection of about 11,000 animal 
specimens for pedagogical purposes; most of them can be found today at the Bologna 
Museum to which he bequeathed not only  his specimens but also his library and 
unpublished manuscripts as well (Alves 2010, pp. 56-82). He also conducted dissections 
(Impey and McGregor 1985). He was a true encyclopedist following the tradition of the 
University of Bologna at that time (Tugno li Pattaro 1994). He wrote extensively but the 
quality of his animal descriptions and illustrati ons were poor from the scientific viewpoint 
                                                                 
12 b. 11 September 1522, Bologna, Italy; d. 4 May 1605, Bologna. 
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(Fig. 4). Aldrovandi was an uncritical compiler  who included legends of mythical animals in 
his writings similar to the medieval best iaries and in the tradition of Pliny.  

 
���������  Depiction of some marine animals by Aldrovandi (1613): Some show that he actually saw 
some of those skeletal pieces such as (a) a tooth possible from a sperm whale, (b) a baleen and the 
prominent tooth of a narwhal ( Monodon monoceros), (c) a rib and a vertebra, possibly of a large whale, 
and (d) a scapula.  In other cases he illustrated whales with human-like emotions (e); whales with feet 
(f); sawfishes with cetacean characteristics (g); and Pliny’s “Scolopendra cetacea” (h), which 
perpetuated the notion that such animal existed.  Overall he was a very uncritical compiler when it 
came to marine mammals. 

He published De piscibus libri V, et De cetis lib. vnus (1613) where he defined “Pisces” as 
animals covered with scales and “aquatilis” as “an ything else that lives in the water” while 
recognizing that cetaceans are air-breathing creatures. The species that he mentioned were 
the ones cited by his predecessors: Balaena, Physeter, Orca, Delphino, Phocaena, and Tursione, 
while including the Manate Indorum, Phoca, Pristi (the sawfish), and the mythical Scolopendra 
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Cetacea. From the illustrations (Fig. 4) it is clear he never saw any of these animals with the 
exception of some of their skeletal parts. As an uncritical compiler of information he did not 
add anything new to the knowledg e of these creatures and, yet, was cited by later authors. 

5. Modern science 

In this period, observation and experiment ation moved to the forefront of science. 
Classification was based on similarities and differences in characters. During this time 
English physicians travelled to Padua, Bologna and Paris to be trained in human dissection 
since the status of medicine in England was still poor. People involved in these kind of 
activities had a background in either medicine (or “physic” as it was called then) and/or 
theology (Kruger 2004). During this time the center of gravity of science moved from the 
Mediterranean world to northe rn Europe, mostly England. 

5.1. Johann Jonston 

The first researcher of the biology of marine mammals in this period was Johann Jonston13. 
Although born in Poland, Jonston’s father was Scottish and his mother German. He was 
educated in St Andrews, Frankfurt, Cambridge, and Leiden, receiving a medical degree from 
the last two institutions. He traveled extens ively throughout Europe teaching, and despite 
offers for academic positions, he decided to make a living as an independent scholar (Miller 
2008). He published Historiae naturalis de Piscibum Partem in 1657. Jonston was another 
encyclopedist who when it came to natural history was more a compiler than anything else, 
relying heavily on Gessner and Aldrovandi wh ile adding some new information from New 
World creatures from George Marcgrave. Thus, he did not offer any significant critical view 
to his sources although his descriptions were briefer than those of his predecessors. He gave 
no hint of biological classification for marine mammals and also added further mistakes and 
legends (even ‘monsters’). He slightly modified  Aldrovandi’s classification of fishes by 
adding ‘pelagic’ fishes. Yet his books were widely read and translated. 

He dealt with cetaceans on pages 213-224 of his Historiae and included the same species as 
Aldrovandi: Balaena, Physetere, Orca, Delphino, Phocaena and the mythical scolopendra cetacea, 
the sawfish, pinnipeds, and the manatee among the cetaceans. 

5.2. Walter Charleton 

Charleton14 was the son of a church rector of modest means. He was educated at Oxford as a 
physician at that time when medical educ ation in England emphasized scholastic 
approaches to knowledge and British colleges had inadequate anatomical staff and teaching 
facilities. The practical elements of practicing medicine we re not acquired until after 
assisting a more experienced practicing medical doctor. 
                                                                 
13 b. 15 September 1603, Szamotuly, Poland; d. 8 June 1675, Legnica, Poland. 
14 b. 2 February 1619, Shepton Mallet, Somerset, England; d. 24 April 1707, London, England. 
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(Fig. 4). Aldrovandi was an uncritical compiler  who included legends of mythical animals in 
his writings similar to the medieval best iaries and in the tradition of Pliny.  
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Charleton was a follower of epicurean atomism (materialism) (Kargon 1964) and an eclectic 
(Lewis 2001), whose interest in natural history was more or less theological because, as he 
said, men were obligated into “naming & looking into the nature of all Creatures” (Boot 
2005, p. 119). In other words, just as Ray and Willoughby did later, natural science was the 
search a divine pattern in nature, part of the research agenda of the Royal Society – to which 
Charleton belonged (Rolleston 1940, Sharpe 1973). His publications showed him more as a 
compiler than as an innovator. His major cont ribution to science was the discovery that 
tadpoles turn into frog s (Booth 2005, p. 1).  

He published two books dealing with animal classification: Onomasticon zoicon (1668) and 
Exercitationes de Differentiis & Nominibus Animalium (1677) works that listed the names of all 
known animals (including some fossils) in the western world in several languages with a 
somewhat taxonomy discussion, including remarks about these animals habits and habitats 
that contained anatomical descriptions of two animals that he had dissected. As Belon did 
over a century before, he divided “fishes” as either “with blood” (vertebrates) and “without 
blood” (invertebrates). He grouped under “Cetac eos” not only actual cetaceans but also the 
sawfish, seals, walruses, manatees, hippopotamus and the mythical “scolopendra cetacea.” 
The actual cetaceans described were Balaena vulgaris (probably the right whale), Physeter, & 
Physalus (probably the fin whale but also other species), Cetus dentatus (the sperm whale), 
Pustes (indeterminate species, maybe the beluga), Orca (the killer whale), Monoceros (the 
narwhal), Delphinus (probably a composite of delphinidae), and Phocaena (the porpoise). 

5.3. Edward Tyson 

Tyson15 was born into an affluent merchant family. He performed numerous dissections as a 
college student, obtained his medical degree at Oxford University and was a lecturer of 
Anatomy at the Barber-Surgeons Hall in Lond on. Tyson was the first of the comparative 
anatomists in the modern sense. He did extensive dissections and was the first to use a 
microscope as part of his anatomical studies. His description of the highly convoluted 
cetacean brain as well as his recognition of the many homologies with "viviparous 
quadrupeds", rather than the fishes that they externally resembled, constituted a major 
landmark contribution to the history of biology (Kruger 2003).  

In Phocaena, or, The anatomy of a porpess dissected at Gresham Colledge, with a preliminary 
discourse concerning anatomy and natural history of animals (1680), he noted that “What we 
have here is a signal Example of the same between Land-Quadrupeds and Fishes; for if we 
view a Porpess on the outside, there is nothing more than a fish; for if we view a Porpess on 
the inside, there is nothing less. (...) It is viviparous, does give suck, and hath all its Organs 
so contrieved according to the standard of them in Land-Quadrup eds; that one would 
almost think of it to be such, but it lives in the Sea, and hath but two fore-fins.” Adding later 
“The structure of the viscera and inwa rd parts have so great an Analogy [sic] and 
resemblance to those of Quadrupeds, that we find them here almost the same. The greatest 
                                                                 
15 b. 20 January 1651 Clevedon, near Bristol, Somerset, England; d. 1 August 1708, London, England. 
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difference from them seems to be in the external shape, and wanting feet. But here too we 
observed that when the skin and flesh was taken off, the forefins did very well represent an 
Arm, there being the Scapula, an of Humeri, the Ulna, and Radius, and bone of the Carpus, the 
Metacarp, and 5 digiti curiously joynted. The Tayle too does very well supply the defect of 
feet both in swimming as also leaping in the water, as if both hinder feet were colligated into 
one, though it consisted not of articulated bones but rather Tendons and Cartilages.”  

Tyson’s description of the internal anatomy of the porpoise is remarkable, particularly when 
it comes to its nervous system (Kruger 2003). In many ways he thought that the “porpess” 
was the transitional link betwee n terrestrial mammals and fish. 

In his monograph Tyson surveyed contribution s from previous authors. He corresponded 
with John Ray (see below). Ray had also dissected a porpoise (an exercise on which he 
reported in a published form in 1671), nine years before Tyson but was far more superficial 
and added very little to what other authors such as Rondelet had done. Tyson met Ray 
around 1683 and the latter invited Tyson to contribute to Willughby’s De Historia Piscium 
(Montagu 1943, p. 103).  

Tyson was critical of encyclopedic approaches and relying on classical authors when it came 
to natural history. He set new standards in terms of direct observation and comparative 
anatomy. He also established an understanding of homology no t seen since Aristotle. He 
proved to be a very competent observer of internal anatomy and he saw comparative 
anatomy as a means to explain the Great Chain of Being (or scala naturae or ladder of nature) 
as proposed by Plato and Aristotle.  

5.4. Samuel Collins 

A contemporary of Tyson was Samuel Collins 16. The son of the rector of Rotherfield, Sussex, 
who got his education at Cambridge, Collins travelled to several universities in France, Italy 
and the Netherlands finally getting his medica l degree at the University of Padua, later 
becoming physician of Charles II. He taught anatomy at the Royal College of Physicians17. 
Collins published A Systeme of Anatomy (London 1685), which was the earliest attempts to 
illustrate the brains of a broad variety of ma mmals, birds, teleosts, and elasmobranchs in a 
remarkable two-volume folio edition of 1,263 pages. It included 73 full-page illustrations of 
very high quality. There he described a female porpoise. However, it seems that he had used 
Tyson’s previous descriptions and unfortunat ely says nothing about the brain of this 
cetacean. Had he had examined the brain of the porpoise he would have noted the great 
similarities of this organ with those among the “viviparous quadrupeds.” Collins did not 
discuss the similarities between the other internal organs of the porpoise and those called 
mammals today either. He acknowledged Tyson’ previous contributions in this matter.  

                                                                 
16 b. 1618, Rotherfield, Sussex, England; d. 11 April 1710, Westminster, Middlesex, England. 
17 Biographical information obtained from: http://munksroll.rcplondon.ac.uk/Biography/Details/950 and 
accessed on 2 April 2012. 
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In addition to Tyson, Collins's anatomy draws largely upon the works of Thomas Willis. In 
the opening Epistle-Dedicatory to James II he claimed that various chapters "are illustrated 
by the Dissection of other Animals (which I have performed with Care and Diligence, 
speaking the wonderous Works of the Glorious  Maker) rendering the Parts of Man's Body 
more clear and more intelligible." In volume two of his huge work he described numerous 
folio copper plates containing the most extensive comparative anatomy of the brain then 
existing, an expansive account of the functional significance of his findings, as well as 
practical clinical commentary. 

5.5. John Ray 

Ray18 was the first naturalist who truly represen ted this new era of careful observation. 
His father was a blacksmith and his mother was an herbal healer. He studied at the 
University of Cambridge, pursuing comparative anatomy although initially his main 
interest was botany. He taught Greek, mathematics and humanities at Cambridge but 
abandoned his teaching position after refusing  to comply with the Act of Uniformity of 
1662. He was a very religious person who undertook the study of nature to understand 
God’s creation (Raven 1950). Fairly early he developed a plan with his student and 
patron, Francis Willughby 19 to produce a joint general natural history. To that end Ray 
and Willughby went on an extended tour of  England and Europe (1662-1666), including 
the medical school at Montpellier. Although th ey did not always travel together both 
collected specimens, got involved in dissections and acquired books and illustrations 
(Kusukawa 2000), an endeavor bankrolled by Willughby. When Willughby died, Ray took 
over his parts of the general natural history. Willughby left him an annuity of £60 and Ray 
stayed on as tutor to Willughby’s children until 1675, when Willughby's mother, also his 
patron, died, and the widow immediately terminated the relationship. Ray inherited a 
small farm that also contributed to the family's maintenance while he earned money from 
his productive publishing. Therefore Ray had the financial freedom to pursue his 
intellectual interests.  

Ray’s first published work on cetaceans was Dissection of a Porpess (1671). He does a much 
better job in describing the internal anatomy of  this animal when compared with Rondelet 
but does not get into the detail that Tyson achieved later. During the narrative of his 
findings he keeps noticing that a porpoise has a lot in common with the “quadrupeds”. Yet 
he persisted calling them “fishes.” 

Ray published Historia piscium (1686), under Willughby's name 14 years after his patron 
death, though Ray himself contributed the vast majority of the content. He carried out the 
first serious attempt to achieve a systematic arrangement, the success of which can be 
attributed by the fact that it served as a basis for the systematics work of the following 
                                                                 
18 b. 29 November 1627, Black Notley, near Brainton, Essex, England; d. 17 January 1705, Black Notley, 
England. 
19 b. 22 November 1635, Middleton, Warwickshire, England; d. 3 July 1672, Middleton. 
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century. His approach was based on direct observation, collaboration with other 
researchers, and critical reading of previous authors.  

Historia Piscium is divided into two parts that were printed separatedly: the first is the 
narrative and the second, titled Ichthyographia, were the illustrations. Many libraries today 
have both bound together. As sources Ray used authors mentioned earlier in this chapter: 
Rondelet, Salviani, Gessner, Aldrovandi and Belon, among others. Yet, far from merely 
compiling information from them, Ray insisted in very comprehensive descriptions of 
species and discarded all monsters and mythical creatures mentioned by his predecessors. 
Ray not only removed narratives of marine inve rtebrates but also other aquatic animals such 
as the crocodile and the hippopotamus. He divided his subj ect matter into three groups: 
cetaceans, cartilaginous fishes, and bony fishes. He recognized that when it comes to 
reproduction and internal anatomy cetaceans are identical to the “viviparous quadrupeds.” 
Still, he kept cetaceans within the “piscium” despite the fact that he was well aware that 
they were biologically distinct from fishes.  

In his narrative of species Ray moved away from in the practical aspects related to these 
animals. Aspects such as usage for medical purposes were very common among previous 
authors because of their medical background. Yet, Ray was very keen at compiling names 
on the belief that a universal language could be construct based on the knowledge of nature. 
As Kusukawa (2000) has argued convincingly, Ray believed that there was a need for “a 
construction of a universal language based on a table that properly expressed the natural 
order and relations between things.” Hence a pr ecise description and classification was the 
route to achieve that goal. The final product counted not only on the intellectual support of 
the Royal Society’s members who provided constructive criticism and moral support but 
also their financial support. The cost of publishing Historia Piscium was not only very high, 
mostly because of the expense of the illustrations (187 plates), but also the 500 copies printed 
sold poorly. As a consequence the Society could not print Isaac Newton’s Principia. 

Ray’s third publication related to marine mammals was Synopsis Methodica Animalium 
Quadrupedum et Serpentini Generis (1693). By then he was totally convinced that cetaceans 
were not fishes: “For except as to the place on which they live, the external form of the body, 
the hairless skin and progressive swimming motion, they have almost nothing in common 
with fishes, but remaining char acters agree with the viviparo us quadrupeds.” He placed 
today's terrestrial mammals (including the manat ee) among the ‘hairy animals’ very close to 
the Cetaceum genus (cetaceans).  

In Synopsis Ray included a section called Pisces Cetacei seu Belluae marinae where he 
expressed that these animals breath and give birth like the “oviparous quadrupeds.” He 
grouped them into two categories according to the presence of teeth much as we do today 
separating odontocetes from mysticetes. Ras was the first in doing so. The species he cited 
were Balaena vulgaris (Rondelet), Balaena (Fin-Fish), Physeter or Balaena physeteris, Orca 
(Rondelet & Belon), Cete (Sperm whale), Pot Walfish, Albus piscis cetaceus (white fish), 
Monoceros cetaceo (Narhual islandis), Delphino antiquorum (dolphin, from Rondelet), Phocaeno 
(Rondelet & Belon), dissecting a specimen of the latter in 1669. 
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18 b. 29 November 1627, Black Notley, near Brainton, Essex, England; d. 17 January 1705, Black Notley, 
England. 
19 b. 22 November 1635, Middleton, Warwickshire, England; d. 3 July 1672, Middleton. 
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century. His approach was based on direct observation, collaboration with other 
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���������  Illustrations from Tyson’s (1680) description of the internal anatomy of a porpoise.  Notice the 
remarkable accuracy of the depictions. 
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Ray developed a division of animals characterized by having blood, br eathing by lungs, two 
ventricles in the heart, and being viviparo us. Ray subdivided this group into aquatic 
(cetaceans) and terrestrial or quadruped including sirenians (manatees and dugongs). He 
rejected tales of fabulous animals while perfecting Aristotle’s classification by diving 
vertebrates into those having hearts with two ventricles (mammals and birds) from those 
with a single ventricle (reptiles, amphibians and fish). He also advanced the understanding 
of other groupings. He established the significance of the generic principle, defined species, 
and was a leading contributor to the gigantic task of classification.  

Ray came close to recognizing mammals as a separate group based on “warm-blood,” 
vivipary, and hair. He conceded the relationsh ip of cetaceans with viviparous quadrupeds; 
described genera and species; established ordinal classification of mammals; systematic 
phrases and names; used of descriptive phrases as well as monomial names (a taxonomic 
name consisting of a single word); a dichotomous (“A is B or not B”) classification of 
mammals. Yet, he lacked the vision or intellectual courage to reunite marine mammals with 
their terrestrial relatives and still placed the former with the fish “in accordance with 
common usage.” Still he was possibly the best naturalist of the seventeenth century.  

5.6. Peter Artedi 

Artedi 20 was the son of a parish priest who developed an interest in fishes from an early age. 
He studied medicine at the University of Uppsala, devoting most of his time at studying 
natural history. At 29 years of age he went to London for a year to study natural history 
collections and described the sighting of a whale in November 1734, probably downstream 
of the London Bridge. He then moved to Leid en, The Netherlands, to complete his medical 
studies and there he met Linnaeus, whom he knew from their native Sweden, forging a 
lifelong personal and professional relationsh ip. Linnaeus introduced him to an Amsterdam 
chemist, Albert Seba, and Artedi started working on Seba’s fish collection. Artedi died at the 
age of 30 by drowning in an Amsterdam canal. After his death, Linnaeus recovered his 
manuscripts and published Ichthyologia (1738) without amending Artedi’s original work. 
Despite the fact that this was an unfinished work, it was a fundamental publication that 
marked the origin of ichthyology as we know it today. After a long (96 pages) introduction 
describing previous authorities on ichthyolo gy the second part deals with the taxonomic 
terminology he used, particularly regarding the concept of genus and distinguishing 
between species and varieties. His system set the basis for the modern systematic 
classification of living organisms later establis hed by Linnaeus. In part three he went into 
the classification of species including detailed description of them, some of which he had 
dissected himself. For this Artedi is considered the father of ichthyology (Wheeler 1962, 
1987, Broberg 1987).  

                                                                 
20 b. 10 March 1705, Anundsjö, Västernorrland, Sweden; d. 27-28 September 1735, Amsterdam,  
The Netherlands. 
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Artedi separated actual fishes from cetaceans (which he called “plagiuri”) based on the 
plane of the caudal fin. He described 7 genera and 14 species including the manatee and the 
“siren” as follows: 

 
Order: Plagiuri 
 
 Physeter 
  Balaena major (Ray, p. 15) 
  Balaena macrocephala (Ray, p. 16) 
 
 Delphinus 
  Delphinus (Phocaena) (Art. Syn. 104) 
  Delphinus (Delphin) (Art. Syn. 105) 
  Delphinus (Orca) (Art. Syn. 106) 
 
 Balaena 
  Balaena vulgaris (Ray p. 6, 16) 
  Balaena edentula Fin-Fish (Ray p. 6, 10) 
  Balaena tripinnis (Ray 16) 
  Balenae (Balaena tripinnis) (Ray 17) 
 
 Monodon 
  Monoceros pisces (Will. 42, Ray 11, Charleton 168) 
 
 Catodon 
  Balaena minor (Ray p. 15) 
  Balaena major (Ray p. 17, Will. P. 41) 
 
 Trichechus 
  Manatus (Rondelet p. 490, Gessner p. 213, Charleton 169, Aldrovandi 7 

28, Jonston 223) 
 

 Siren 
  Homo marinus 

Artedi established the basic classification of fishes that lasted for about 200 years and 
separated cetaceans into a totally different order than fishes; he apparently knew that they 
were different, but still tradition was difficult to break and thus he included them into his 
ichthyological treatise. He also established the basic branching of animal groups into Class, 
Maniples (Families), Genera, and Species, a system that was to be closely followed by 
Linnaeus (Wheeler 1987, Broberg 1987). His work set the foundations for what Linnaeus 
would culminate as the definitely recognition of cetaceans as distinct group within 
mammals. 
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5.7. Carolus Linnaeus 

Linnaeus (or Linné) 21 had as a father a country person who loved plants. Linnaeus followed 
a medical career but was actually more interested in botany than in anything else. Linnaeus 
met Artedi in 1729 and their interests were complementary: Artedi, a zoologist interested 
mostly on fishes, and Linnaeus, interested in botany. He would later edit Artedi’s book in 
ichthyology that was published in 1738. What Li nnaeus learned from Artedi set the basis for 
a better classification not only of pl ants but also animals in general.  

Even some of Linnaeus students were developing a better understanding of cetaceans as 
being really close to “viviparous quadrupeds.” That was the case of Pehr Löfling 22, one of 
Linnaeus’ students who came very close to making major contributions to the true nature of 
dolphins and manatees based on his observations of these animals in South America.  
In his description of Amazon freshwater dolp hin or boto, Löfling was clear about when 
writing that whales and dolphins were diffe rent from fishes: ”Pisces per pulmonibus 
spirantibus.” However, his early death and the fact that his manuscripts were never 
published prevented him from gaining recogn ition in the scientific community (Romero et 
al. 1997). 

With all of this background, the botanist Li nnaeus was ready to revolutionize biological 
classification and in the 10th Edition (1758) of his fundamental work Systema Naturae, he 
introduced the term Mammalia, and included Cete among them. For Linnaeus, mammals 
were united by having hair, being viviparo us, and producing milk. He coined the term 
cetacea and separated them from fishes and grouped them with the rest of the viviparous 
quadrupeds based on the follow ing characteristics: two-chamber heart, breathing by lungs, 
hollow ears, internal fertilization, and production of milk.  

Thus, Linnaeus revolutionized the science of systematics by developing a fully natural 
system of classification, using consistently the binomial nomenclature, and designing 
species with Latinized names (genus and species). He developed a hierarchy (class, order, 
genus, species) as proposed by Artedi, with species defined as similar individuals bound 
together by reproduction, which also set the basis of the biological species concept. The use 
of telegraphic speech-like (very short sentences) diagnosis for species descriptions and the 
standardization of synonymies (same species with different names) in order to reach a 
taxonomic consensus made his classification even more useful since from now on one could 
find clarity on what a particular species was tr acing its description to other authors. He also 
doubled the number of species described by Ray. Thus, despite the fact that he was not a 
zoologist per se nor was involved in dissection of animals, he was far from a compiler in that 
he applied critical thinking to  the way he ordered nature.  

                                                                 
21 b. 23 May 1707, Stenbrohult, Småland, Sweden; d. 10 January 1778, Uppsala, Sweden. 
22 b. 1729, Valbo, Sweden; d. 22 February 1756, Guayana, Venezuela. 
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This progress is even more remarkable when considering that Linnaeus was far from an 
evolutionist. For him species were fixed except for small variations due to climatic/local 
conditions. Yet, Linnaeus was, without question, the founder of systematics and the one 
who laid the foundations for the naturalists to become specialists and, therefore, opened the 
door for the first group of marine mammal sp ecialists, now that these creatures were not 
longer considered “fishes.” It was not until Linnaeus that the science of taxonomy made the 
strides that have lead us to where we are today in our understanding of the natural world. 
Linnaeus understood biological principles and placed animals in groups based on 
homologies rather than using environment to  drive classification, and this was what 
allowed him to recognized cetaceans as a distinct group within mammals. 

6. Conclusion 

Persuing at the information provided above th ere are a number of discernable patterns. One 
is the preponderance of pre-Linnean researchers interested in marine mammals who had a 
medical background of some sort. That is not surprising because medicine was the closest 
thing to science as a career existed until the eighteenth century. Also, being interested in 
medicine created more opportunities to dissect animals and, therefore, understanding of 
their internal anatomy that was particularly crucial in establishing the homology between 
cetaceans and the “viviparous quadrupeds.” Yet, this positive  influence was marred by the 
proliferation of encyclopedists who, for the mo st part, were uncritical compilers of other 
authors’ information. However, the major impediment to any attempts to develop a natural 
classification for cetaceans was the insistence on classifying them by virtue of the 
environment in which they live, something th at even diverted the thoughts of keen 
observers such as Ray and Artedi, despite of abundant evidence to the contrary having been 
collected since Aristotle. 

Finally, we should not overlook the role played  by intellectual inertia in the development of 
science. As Horder (1998) clearly demonstrated, scientists need to know the history of their 
field to avoid errors of the past, something that  has also been argued for specific fields of 
biology (see Romero 2009, Chapter 1). 
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1. Introduction 

Northern elephant seals (Mirounga angustirostris) undergo regular periods of aphagia during 
their annual life cycle, as do many other phocids (Le Boeuf and Laws 1994). After nursing 
for about 30 days, the weaned pup fasts for 6-8 weeks, maintaining a fasting 
hyperglycemia, hyperlipidemia, hypoketo nemia, and hypoinsulinemia (Champagne, et al. 
2005). In most mammals, fasting is accompanied by hypoglycemia, and thus the fasting 
hyperglycemia in these animals is paradoxical. Previous studies of glucose metabolism in 
these animals (Keith and Ortiz 1989) indicate that the hyperglycemia results from both 
low rates of glucose utilization, due to very low insulin levels (Kirby, et. al. 1987), as well 
as high rates of glucose carbon recycling through both lactate and glycerol. Other studies 
indicate that fatty acids are the major energy substrate during this time (Castellini, et. al. 
1987), and that these animals conserve nitrogen by having very low urea turnover and 
excretion rates (Houser and Costa 2001). Figure 1 shows a 10 compartment conceptual 
flow diagram of metabolite flux in fasting northern elephant seal pups as simulated in this 
study. 

Mathematical models of biochemical systems are a prerequisite for a true understanding of 
the complexity of metabolic and physiologic systems. A model can be defined in both a 
physical and mathematical sense as a set of equations that describe the behavior of a 
dynamic system, and the response of the system to a given stimulus (Jeffers 1982). Many 
types of models exist. The models that most closely approximate reality are often the most 
complex, and it is often difficult to derive unbiased or valid estimates of model parameters. 
Matrix models offer a way to sacrifice some of the “reality” to gain the advantages of 
mathematical deduction and prediction (Jeffers  1978). Matrix models are ideally suited to 
simulate the results of isotope tracer experiments and linear compartment analysis models 
(Shipley and Clark 1972). 
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the complexity of metabolic and physiologic systems. A model can be defined in both a 
physical and mathematical sense as a set of equations that describe the behavior of a 
dynamic system, and the response of the system to a given stimulus (Jeffers 1982). Many 
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2. Materials and methods 

The amount of carbon residing in each pool in Figure 1, and the fluxes between the pools, 
were determined using single injection ra diotracer methods as described (Pernia, et. al. 1980, 
Keith and Ortiz 1989, and Castellini, et. al. 1987). If the animal is in steady state, the change 
in pool size (Q) for each compartment will be: 

Q(t) = Q(0)e-kt 

where k is the fractional turnover rate, t is ti me, and e is the base of the natural logarithms. 
These parameters may be estimated by injecting a known amount of tracer (q) labeled in 
some way (such as 14C or 3H) but which is metabolically indistinguishable from the 
metabolite of interest (tracee).  

Blood samples are taken over time, and the specific activity of the tracer determined and 
plotted on semi-log paper. If the assumption of first order kinetics holds, the plot will be 
linear, and the slope of the line is k. The assumption of instantaneous mixing allows 
extrapolation of the line back to time = 0, and the estimation of the specific activity at time = 
0 (SA0). The size of the pool (Q) can then be estimated (Katz, et. al. 1974): 

0

q
Q 

SA
�  

The magnitude of the entry rate (R0 ) can then be estimated: 

R0 = k * Q 

If the specific activity curve is plotted on regular paper and integrated, the Stewart-
Hamilton equation provides a stochastic estimate of the irreversible loss rate (L) (Shipley 
and Clark 1972): 

inf

0

q
L 

SA(t)dt

� 

�³
 

Recycling rate (R) is the part of the entry rate (R0) which leaves the pool of interest and 
returns to it during the experiment. It is the difference between the entry rate (R0) and the 
irreversible loss rate (L) (Nolan and Leng 1974): 

R = R0 - L 

Once the sizes of the pools and the flux rates between them are known, differential 
equations can be written to describe the rate of change of each compartment (Shipley and 
Clark 1972):  

� � � �
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Where: Qj = Size of pool j (source of flux to pool i). 

-   kij = Rate constant for flow to i from j. 
-   Qi = Size of pool i (pool of interest). 
-   kii  = Sum of all rate constants for flows from compartment i: 

jii.e. for j  1 10� �o  

If the coefficients of the differential equations (k ij) are entered into a source/destination 
matrix (A), the matrix may be used to pred ict the magnitude of the flux between each 
compartment: 

F = A * Q0 

Where F is the vector of the sum of the fluxes to and from all pools, Q 0 is the vector of initial 
pool sizes, and A is the coefficient matrix derived above. The future state of the system then 
becomes: 

Qt+1 = F * Q0 

Iteration of the above two operations allows co mputation, in difference equation format, of 
the future state of the system at any time desired. However, use of the matrix exponential 
permits analytical determination of the state of the system at any future time in one 
operation: 

Qt+1 = eAt  * Q0 

Initially the system dynamics were simulated for an 8-week period, approximately as long 
as the duration of the fasting period of the northern elephant seal pups. In most cases, the 
simulation revealed monotonic (linear) declines  in the sizes of the pools, with the obvious 
exception of the sink pool. However, in the case of the carbohydrate pools, i.e. glucose, 
glycerol and lactate, the pool sizes increased rapidly during the first part of the 
simulation, and then declined monotonically.  This suggested that the estimates for the 
initial condition sizes of the pools were too low. In order to corr ect for this, a second, 
shorter (24 hr) simulation was conducted, after correcting the initial condition sizes of 
these pools by extrapolating the linear part of the pool size decline later in the simulation 
back to time zero. 

A matrix may be described in terms of its characteristic equation, which will have the same 
order as the number of rows (= columns) in a square matrix (Jeffers 1978, Swartzman 1987). 
The roots of this characteristic equation are the eigenvalues (�•), which can be used to assess 
the stability of the system described by the matrix (Heinrich et al. 1977, Edelstein-Keshet 
1988). Simply put, if all of the eigenvalues, or their real parts, are negative, the system is 
stable. If one or more eigenvalues are positive, the system is unstable. Zero value 
eigenvalues indicate a closed system (Edelstein-Keshet 1988, Halfon 1976, and Swartzman 
1987). Other matrix parameters relevant to stability analysis are the trace (� )̃ and 
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linear, and the slope of the line is k. The assumption of instantaneous mixing allows 
extrapolation of the line back to time = 0, and the estimation of the specific activity at time = 
0 (SA0). The size of the pool (Q) can then be estimated (Katz, et. al. 1974): 

0

q
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SA
�  

The magnitude of the entry rate (R0 ) can then be estimated: 

R0 = k * Q 

If the specific activity curve is plotted on regular paper and integrated, the Stewart-
Hamilton equation provides a stochastic estimate of the irreversible loss rate (L) (Shipley 
and Clark 1972): 

inf

0

q
L 

SA(t)dt

� 

�³
 

Recycling rate (R) is the part of the entry rate (R0) which leaves the pool of interest and 
returns to it during the experiment. It is the difference between the entry rate (R0) and the 
irreversible loss rate (L) (Nolan and Leng 1974): 

R = R0 - L 

Once the sizes of the pools and the flux rates between them are known, differential 
equations can be written to describe the rate of change of each compartment (Shipley and 
Clark 1972):  

� � � �
10

ji ij i ii
j 1

dQ / dt  ( Q *  k )  Q *  k  for i  1 10
� 

�  � � �  �o�¦  

 
A Matrix Model of Fasting Metabolis m in Northern Elephant Seal Pups 

 

35 

Where: Qj = Size of pool j (source of flux to pool i). 

-   kij = Rate constant for flow to i from j. 
-   Qi = Size of pool i (pool of interest). 
-   kii  = Sum of all rate constants for flows from compartment i: 

jii.e. for j  1 10� �o  

If the coefficients of the differential equations (k ij) are entered into a source/destination 
matrix (A), the matrix may be used to pred ict the magnitude of the flux between each 
compartment: 

F = A * Q0 

Where F is the vector of the sum of the fluxes to and from all pools, Q 0 is the vector of initial 
pool sizes, and A is the coefficient matrix derived above. The future state of the system then 
becomes: 

Qt+1 = F * Q0 

Iteration of the above two operations allows co mputation, in difference equation format, of 
the future state of the system at any time desired. However, use of the matrix exponential 
permits analytical determination of the state of the system at any future time in one 
operation: 

Qt+1 = eAt  * Q0 

Initially the system dynamics were simulated for an 8-week period, approximately as long 
as the duration of the fasting period of the northern elephant seal pups. In most cases, the 
simulation revealed monotonic (linear) declines  in the sizes of the pools, with the obvious 
exception of the sink pool. However, in the case of the carbohydrate pools, i.e. glucose, 
glycerol and lactate, the pool sizes increased rapidly during the first part of the 
simulation, and then declined monotonically.  This suggested that the estimates for the 
initial condition sizes of the pools were too low. In order to corr ect for this, a second, 
shorter (24 hr) simulation was conducted, after correcting the initial condition sizes of 
these pools by extrapolating the linear part of the pool size decline later in the simulation 
back to time zero. 

A matrix may be described in terms of its characteristic equation, which will have the same 
order as the number of rows (= columns) in a square matrix (Jeffers 1978, Swartzman 1987). 
The roots of this characteristic equation are the eigenvalues (�•), which can be used to assess 
the stability of the system described by the matrix (Heinrich et al. 1977, Edelstein-Keshet 
1988). Simply put, if all of the eigenvalues, or their real parts, are negative, the system is 
stable. If one or more eigenvalues are positive, the system is unstable. Zero value 
eigenvalues indicate a closed system (Edelstein-Keshet 1988, Halfon 1976, and Swartzman 
1987). Other matrix parameters relevant to stability analysis are the trace (� )̃ and 
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determinant (�� ) of the matrix. The trace is the sum of the eigenvalues, and the determinant 
in the product of the eigenvalues (Heinrich et al. 1977). A dimensionless � -̃��  parameter 
plane may be envisioned which relates the magnitude of these two parameters to model 
stability, or the type of instability (Edelstein-Keshet 1988). All matrix calculations described 
herein were conducted using MATLAB �“ . 

 

���������  A 10-compartment flow diagram of metabolite flux in fasting northern elephant seals as 
simulated in this study. The boxes (or pools) represent the moles of carbon present in the animal as each 
metabolite, and the arrows represent the interchange of carbon between metabolites. There are no 
inputs to the model because the animal is fasting. 

3. Results 

Table 1 shows the initial conditions of the vector Q0 which contains the initial conditions of 
the system, and the first vector of fluxes calculated by multiplying Q 0 by the 
source/destination matrix A, wh ich is contained in Table 2. The characteristic equation of 
this matrix is: 0 = 1.0x10 – 0.186x9 + (9.34x10-3)x8 + (9.50x10-5)x7 + (3.78x10-7)x6 + (6.45x10-10 )x5 + 
(4.18x10-13)x4 + (7.95x10-17)x3 + (7.88x10-22)x2 + (2.15x10-28)x + 0. 
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 Qi FLUX 

1.  Adipose 1.2500e+002 -1.2750e-003 

2.  Glycerol 2.3100e-0 01 1.3800e-005 

3.  Palmitate 6.0000e-003 1.5000e-006 

4.  Lactate 7.5000e-003 3.9000e-005 

5.  Glucose 4.0000e-002 4.6722e-004 

6.  Alanine 4.4000e-003 -2.4304e-004 

7.  Urea 4.1700e-001 -1.2070e-004 

8.  Protein 2.0000e+002 -5.6160e-005 

9.  Ketones 3.5000e-003 8.1250e-006 

10. Sink 1.0000e-000 9.3508e-004 

��������  Initial condition values in moles of carbon for the 10 compartment model shown in Figure 1.  
The flux is the sum of the flows into and out of each pool during the first time step. 

SOURCE POOL 

DESTINATION 

POOL ADIPOSE GLYCEROL PALMITATE LACTATE GLUCOSE ALANINE URE A PROTEIN KETONES SINK 

           

ADIPOSE -1.02e-5 0 0 0 0 0 0 0 0 0 

GLYCEROL 5.10e-6 -2.70e-3 0 0 0 0 0 0 0 0 

PALMITATE 5.10e-6 0 -1.06e-1 0 0 0 0 0 0 0 

LACTATE 0 0 0 -1.20e-3 1.20e-3 0 0 0 0 0 

GLUCOSE 0 2.70e-3 0 1.20e-3 -4.50e-3 3.30e-3 0 0 0 0 

ALANINE 0 0 0 0 0 -6.80e-2 0 2.808e-7 0 0 

UREA 0 0 0 0 0 1.00e-3 -3.00e-4 0 0 0 

PROTEIN 0 0 0 0 0 0 0 -2.808e-7, 0 0 

KETONES 0 0 3.25e-3 0 0 0 0 0 -3.25e-3 0 

SINK 0 0 1.03e-1 0 3.30e-3 3.40e-2 3.00e-4 0 3.25e-3 -1 

��������  Source/destination matrix used to simulate the kinetics of metabolite flux in fasting northern 
elephant seal pups.  Non-diagonal elements represent the rate constants for flow from the column pool 
to the row pool, in terms of time -1. The diagonal elements are the sum all rate constants for flows from 
the pool, i.e. the sum of the column. 

The roots of this equation are the eigenvalues (�•) of the matrix:  0.00; -8.10x10-4; -4.89x10-3 ;  
-2.70x10-3; -3.25x10-3; -1.06x10-1; -1.02x10-5; -3.00x10-4; -6.80x10-2; -2.81x10-7. Notice that there is 
one zero value, indicating that  this is a closed system. The remainder of the eigenvalues are 
all negative, indicating a stable system. The trace (� )̃, or sum of the eigenvalues, of matrix A 
is -0.186 and the determinant (�� ), or product of the eigenvalues of matrix A is zero. Figure 2 
shows the dimensionless � -̃��  parameter plane. The point for matrix A would lie on the y-
axis, just below the x-y intercept, indicating that the system approaches a saddle point of 
stability. Notice that � 2̃ is 0.0346, which is greater than 4�� , which is zero, indicating again 
that the matrix lies in the portion of the phase-plane corresponding to a saddle point 
condition (Heinrich et al. 1977). 
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���������  Dimensionless Cartesian phase-plane representing the range of trace (� )̃ and determinant ( �� ) 
values possible, and the regions of qualitative behavior of linear systems. The point corresponding to 
the system simulated here lies on the y-axis just to the left of the x-y intercept. 

Figure 3 shows the changes in the size of the adipose tissue and sink pools over an 8-week 
simulation. These pools are plotted together because they were of similar size. As expected, 
the adipose tissue pool declined at a constant rate, while the sink pool accumulated carbon 
asymptotically. 

Figure 4 shows the changes in the size of the various lipid and lipid-derived pools over an 8-
week simulation. The ketone pool rose slightly early on, and then declined slowly, as did the 
palmitate pool. At this resolution, it appeared that the glycerol pool declined at a constant 
rate throughout the simulation but when comp ared to the glucose and lactate simulations 
(Figure 5) it became clear that this pool was poorly initialized. 

Figure 5 shows the changes in carbohydrate and carbohydrate-derived pools over an  
8-week simulation. Apparently the glucose and lactate pools were initialized incorrectly, 
as reflected in their rapid increase in the first week of the simulation. Once they became 
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stable, they both declined at the same rate, which was equivalent to the rate of decline  
of the glycerol pool. This similarity in ra tes of decline suggests that these pools are 
closely linked through recycling pathways, and may in fact represent a subsystem of the 
model. 

 

 

���������  Linear plot of the changes in the size of the adipose tissue and sink pools over an 8-week 
simulation.  These pools are plotted together because they were of similar size. As expected, the 
adipose tissue pool declined at a constant rate, while the sink pool accumulated carbon 
asymptotically. 

Figure 6 shows the changes in nitrogen containing pools over an 8-week simulation. The 
tissue protein pool declined at a very slow rate, suggesting almost no protein catabolism. 
This is supported by the decline and continued low level of the urea and alanine pools. The 
continued low urea level indicates again that protein catabolism is occurring at a very low 
rate. 

Figure 7 shows the time course of the contents of the palmitate, glycerol, and ketone pools 
over a 24-hour simulation. Figure 8 shows the time course of the contents of the alanine, 
urea, and tissue protein pools over an 8-week simulation. Notice that the tissue protein pool 
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declined almost imperceptibly, while the urea and alanine pools declined initially and then 
became stable. 

Figure 9 shows the time course of the contents of the glucose, glycerol, and lactate pools 
over a 24-hour simulation. The glucose and lactate pools were apparently poorly 
parameterized, and grew rapidly to a zenith, an d then declined steadily. The glycerol pool 
declined continuously. 

Figure 10 shows the time course of the contents of the glucose, glycerol, lactate, alanine and 
ketones pools after re-estimation of the initial conditions by extrapolating the linear parts of 
Figures 7, 8 and 9 to time zero. 

 
 
 

 
 
 

���������  Log-normal plot of the changes in the size of the various lipid and lipid-derived pools  
over an 8-week simulation.  The ketone pool rose slightly early on, and then  declined slowly, as did 
the palmitate pool.  The glycerol pool appeared to decline at a constant rate throughout the 
simulation. 
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���������  Linear plot of the changes in carbohydrate and carbohydrate-derived pool over an 8-week 
simulation.  Apparently the glucose and lactate pools were initialized incorrectly, as reflected in their 
rapid increase in the first week of the simulation.  Once they became stable, they both declined at the 
same rate, which was equivalent to the rate of decline of the glycerol pool.  This similarity in rates of 
decline suggests that these pools are closely linked through recycling pathways, and may in fact 
represent a subsystem of the model. 
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���������  Linear plot of the changes in carbohydrate and carbohydrate-derived pool over an 8-week 
simulation.  Apparently the glucose and lactate pools were initialized incorrectly, as reflected in their 
rapid increase in the first week of the simulation.  Once they became stable, they both declined at the 
same rate, which was equivalent to the rate of decline of the glycerol pool.  This similarity in rates of 
decline suggests that these pools are closely linked through recycling pathways, and may in fact 
represent a subsystem of the model. 
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���������  Changes in nitrogen containing pools over an 8-week simulation.  The tissue protein pool 
declined at a very slow rate, suggesting almost no protein catabolism.  This is supported by the decline 
and continued low level of the urea and alanine pools.  The continued low urea level indicates again 
that protein catabolism is occurring at a very low rate. 
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���������  Linear plot of the changes in the size of the various lipid and lipid-derived pools over a 24-
hour simulation.  The ketone pool rose slightly earl y on, and then declined slowly, as did the palmitate 
pool.  The glycerol pool declined at a constant rate throughout the simulation. 

 
���������  Changes in nitrogen containing pools over time.  The tissue protein pool declined at a very 
slow rate, suggesting almost no protein catabolism.  This is supported by the decline and continued low 
level of the urea and alanine pools.  The continued low urea level indicates again that protein 
catabolism is occurring at a very low rate. 
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���������  Changes in nitrogen containing pools over an 8-week simulation.  The tissue protein pool 
declined at a very slow rate, suggesting almost no protein catabolism.  This is supported by the decline 
and continued low level of the urea and alanine pools.  The continued low urea level indicates again 
that protein catabolism is occurring at a very low rate. 
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���������   Changes in carbohydrate and carbohydrate-derived pool over 24 hours.  Apparently the glucose 
and lactate pools were initialized incorrectly, as reflected in their rapid increase in the first hours of the 
simulation.  Once they became stable, they both declined at the same rate, which was equivalent to the rate 
of decline of the glycerol pool.  This similarity in rates of decline suggests that these pools are closely 
linked through recycling pathways, and may in fact represent a subsystem of the model. 

 
����������  Changes in the glucose, glycerol, lactate, alanine and ketones pools over 24 hours after re-
estimation of the initial conditions by extrapolating the linear parts of Figures 6, 7, and 8 to time zero. 
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4. Discussion 

As initially formulated, the value of the rate  constant for efflux from the sink pool (k 10,10) was 
set at zero, because there should be no efflux from the sink. Eigenanalysis of this matrix 
yielded 9 negative eigenvalues and one zero eigenvalue, indicating a stable, closed system 
(Keith 1999). An eigenvalue of zero is to be expected from a matrix with a zero on the main 
diagonal (Edelstein-Keshet 1988, Swartzman 1987). For this reason, the zero eigenvalue can 
be considered an artifact of matrix constructi on, and not truly representative of the system 
being simulated. Therefore, a second analysis was conducted in which the value of the rate 
constant for efflux from the sink pool was set to  one, which allowed all of the contents of the 
sink pool to exit at every time step. Eigenanalysis of this matrix yielded 10 negative 
eigenvalues, indicative of a now open and still stable system. The trace (� )̃ of this matrix was 
-0.186, and the determinant (��) was 2.174 x 10-32. In this case � 2̃ was 0.0346 and 4��  was 8.696 
x 10-32. Taken together, these values indicate that the system without a sink lies near a stable 
node condition in the phase-plane. However, this  is difficult to reconcile with the biological 
reality that a fasting elephant seal with no food or water inputs is not at equilibrium, and 
cannot survive forever (Ortiz et. al. 1978). 

The genesis of this apparent contradiction may lie in differe nces in time scale or time 
constants. Differential equations with widely di fferent time scales are “stiff” (Heinrich et al. 
1977) and will have eigenvalues of different orders of magnitude. This is apparent here where 
the eigenvalues range from -1.06 x 10-1 to -2.81 x 10-7. The reciprocals of the eigenvalues are the 
relaxation times (Heinrich et al. 1977) and these likewise vary over six orders of magnitude, 
indicating that there are fast-reacting variable s and slow-reacting variables in the simulation. 
Such hierarchical time structure may obscure predictions of model stability because the 
eigenvalues only characterize the system in the close time-neighborhood of the steady state 
where linear approximation is appropriate (Hei nrich et al. 1977). Thus, predictions of model 
stability based on the signs of the eigenvalues may contradict a prediction of model instability 
based on relaxation times and slow-moving versus fast-moving variables in the system 
(Heinrich et al. 1977) over the duration of the actual fast of the animal. 

Elevated palmitate levels are consistent with field data indicating that the major energy 
substrate during fasting (Castellini, et. al. 1987, Keith 1984). The decline in ketone levels 
through the simulation is consistent with field da ta indicating low levels of ketone bodies in 
the plasma of fasting northern elephant seal pups (Costa and Ortiz 1982). Declines in 
alanine, tissue protein, and urea levels are also consistent with field data (Pernia, et. al. 1980), 
and are validated by data which show that the lean body mass of the animal doesn’t change 
during significantly during the fasting period (Ortiz, et. al. 1978). Lack of significant protein 
catabolism, with concomitant low urea levels, indicates that the animals do not maintain 
their elevated blood glucose levels at the expense of gluconeogenesis from amino acids 
(Keith 1984). Close similarities in the rates of decline of the glucose, glycerol, and lactate 
pools in the later parts of the simulation may be indicative of the extensive glucose carbon 
recycling which occurs in these animals during  fasting. There is extensive interchange of 
carbon between these three pools, as indicated by high levels of Cori cycle and glucose-
glycerol cycle activity (Keith 1984, Keith and Ortiz 1989). It is postulated that this high 
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4. Discussion 
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pools in the later parts of the simulation may be indicative of the extensive glucose carbon 
recycling which occurs in these animals during  fasting. There is extensive interchange of 
carbon between these three pools, as indicated by high levels of Cori cycle and glucose-
glycerol cycle activity (Keith 1984, Keith and Ortiz 1989). It is postulated that this high 
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degree of recycling may be one reason for the ability of these animals to avoid ketoacidosis, 
a major deleterious consequence of fasting in many other mammals, and thus allow them to 
undergo a prolonged fast during this vulnerable period in their life history. 
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1. Introduction 

Cetacean diversity, like all biodiversity worldwide, is seriously threatened; its loss seems to 
be occurring at a very rapid and increasing rate [1]. In March 2010, the European 
Commission set a key objective for 2020: halt the loss of biodiversity and the degradation of 
ecosystem services in the EU [2]. To the objective of improving the effectiveness of 
conservation strategies it becomes important to know the health status of endangered 
species and then to develop methods of investigation that are not destructive and the least 
invasive possible. In the last few years a non destructive sampling method, the skin biopsy, 
was developed in cetaceans to obtain viable tissue samples from free-ranging animals [3]. 
With the skin biopsy it is possible to assess the effects of multiple pressures related to 
bioaccumulation of anthropogenic contaminants , infectious diseases, climate change, food 
depletion from over-fishing, bycatch, noise, shipping and collision that stress cetacean 
species. The evaluation of their “health status” is possible using a suite of sensitive tools, 
such as non-destructive biomarkers, that will enable us to detect the presence and the effects 
of contaminants, the reproduction alteration , the genotoxicity, the immunosuppression, the 
feeding ecology and the general stress [4]. Actually, it is very difficult to discern the effects 
of one threat from those of another when multiple threats are acting simultaneously; for 
example the incidence of pathology in cetaceans is closely related to the level of pollution in 
their environments and thus bacterial and vi ral infections and contaminants should be 
considered from a holistic point of view [5]. Regarding the effects of anthropogenic 
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1. Introduction 

Cetacean diversity, like all biodiversity worldwide, is seriously threatened; its loss seems to 
be occurring at a very rapid and increasing rate [1]. In March 2010, the European 
Commission set a key objective for 2020: halt the loss of biodiversity and the degradation of 
ecosystem services in the EU [2]. To the objective of improving the effectiveness of 
conservation strategies it becomes important to know the health status of endangered 
species and then to develop methods of investigation that are not destructive and the least 
invasive possible. In the last few years a non destructive sampling method, the skin biopsy, 
was developed in cetaceans to obtain viable tissue samples from free-ranging animals [3]. 
With the skin biopsy it is possible to assess the effects of multiple pressures related to 
bioaccumulation of anthropogenic contaminants , infectious diseases, climate change, food 
depletion from over-fishing, bycatch, noise, shipping and collision that stress cetacean 
species. The evaluation of their “health status” is possible using a suite of sensitive tools, 
such as non-destructive biomarkers, that will enable us to detect the presence and the effects 
of contaminants, the reproduction alteration , the genotoxicity, the immunosuppression, the 
feeding ecology and the general stress [4]. Actually, it is very difficult to discern the effects 
of one threat from those of another when multiple threats are acting simultaneously; for 
example the incidence of pathology in cetaceans is closely related to the level of pollution in 
their environments and thus bacterial and vi ral infections and contaminants should be 
considered from a holistic point of view [5]. Regarding the effects of anthropogenic 
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contaminants, it is known that some contaminants, such as organochlorines (OCs), 
polybrominated diphenyl ethers (PBDEs), bi sphenol A (BPA) and phthalates are endocrine 
disrupting chemicals (EDCs) and immunosuppre ssors [6, 7, 8, 9, 10]. Others, such as 
polycyclic aromatic hydrocarbons (PAHs), derive d from both natural (e.g., oil spills, forest 
fires, natural petroleum seeps) and anthropogenic (e.g., combustion of fossil fuels, use of oil 
for cooking and heating, coal burning) sources, are carcinogenic, teratogenic and mutagenic 
compounds [11] and some studies have shown that PAHs with four or more rings can 
induce dioxin-like activity and weak estrog enic responses [12]. Moreover PAHs have 
attracted scientific interest due to their genotoxicity [13]. But how is it possible to 
discriminate the effects of a specific toxic in a mixture of many pollutants and assess the 
susceptibility of a particular cetacean species to just one class of contaminants? The aim of 
the present study is to use cetacean fibroblast cell cultures, obtained from skin biopsy of 
free-ranging animals and from skin tissue of st randed animals dead within 12 h [14, 15], as 
an "in vitro" method, called “ Test Tube Cetaceans”, to investigate the effects of 
environmental contaminants. In particular we use Test Tube Cetaceans to explore the 
susceptibility to genotoxic effects of different environmental contaminants in these marine  
mammals. Cell cultures were obtained from several species of cetaceans: fin whale 
(Balaenoptera physalus) and Bryde’s whale (Balaenoptera edeni) for mysticetes, sperm whale 
(Physeter macrocephalus), killer whale ( Orcinus orca), Risso's dolphin (Grampus griseus), 
bottlenose dolphin ( Tursiops truncatus), striped dolphin (Stenella coeruleoalba), long-beaked 
common dolphin (Delphinus capensis) and common dolphin (Delphinus delphis) for 
odontocetes. Here we present the results for three different biomarkers of anthropogenic 
stress in cetacean cell cultures that will enable us to assess: i) exposure to contaminants, ii) 
immunosuppression and iii) genotoxicity. 

i. Interspecies differences in the mixed func tion oxidase (MFO) in duction as biomarker 
of exposure to different en vironmental contaminants:  the evaluation in fibroblast cell 
cultures with immunofluorescence technique of the presence and the induction of two 
components (CYP1A1 and CYP2B) of the cytochrome P450 monooxygenase system 
(MFO), among the most relevant in drug and xenobiotic metabolism, was used to 
evaluate interspecies sensitivities to various classes of environmental contaminants. In 
particular CYP1A1 is induced by planar compounds such as planar OCs (coplanar 
polychlorinated biphenyls (PCBs)) and PAHs  [16] and CYP2B by globular compounds 
such as PBDEs, PCBs and OC insecticides such as dichlorodiphenyltrichloroethane 
(DDT) and its metabolites [17, 18].  

ii.  Qualitative and quantitative major histocom patibility complex (MHC) class I chain 
related protein A (MICA) expression as to xicological stress marker of the immune 
system: the evaluation of the qualitative and qu antitative MICA protein expression in 
fibroblast cell cultures with the immunofluorescence technique was used as 
toxicological stress marker of the immune system of different species of cetaceans [19]. 
The genes encoding for MICA and MICB are found within the major histocompatibility 
complex. Although MIC products have been found in various cells/tissues, the current 
consensus is that MIC genes are mainly expressed in gastrointestinal epithelium, 
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endothelial cells and fibroblasts. MIC mole cules are considered to be stress-induced 
antigens that are recognized by cytotoxic T cells and natural killer (NK) cells, which 
play an important role in the surveillance of transformed infected and damaged cells 
[20]. Because the cetacean skin is an important tissue of the immune system and 
contributes to biological structure by acting not only as a protective physical barrier, but 
also as a target for immune components that mount the initial defense against invading 
pathogens, noxious stimuli, and resident neoplastic cells, the evaluation of MICA 
protein expression in cetaceans can be used to evaluate the status of the immune system 
of different species of cetaceans. 

iii.  Detection of DNA damage by Comet assay as genotoxicity biomarker: the presence of 
compounds such as PAHs, OCs and heavy metals in the marine environment can damage 
the DNA of living cells. The loss of DNA integrit y can determine genotoxic effects, such as 
DNA base modifications, stra nd breaks, depurination and cross-linkages [21]. The comet 
assay or single cell gel electrophoresis (SCGE) is a sensitive method used as an indicator 
of genotoxicity and an effective biomarker for detecting DNA damage in living cells of 
aquatic animals [22]. Compared to other genotoxicity tests, such as chromosomal 
aberrations, sister chromatid exchanges, alkaline elution, and micronucleus assay, the 
advantages of the Comet assay include its demonstrated sensitivity for detecting low 
levels of DNA damage (one break per 1010 Da of DNA), requirement for small number of 
cells (~10,0000) per sample, flexibility to use proliferating cells, low cost, ease of 
application, and the short time needed to complete a study [23]. 

2. Sampling methods 

2.1. Free- ranging cetaceans 

Samples of skin (epidermis, dermis and blubber) were obtained from free-ranging 
specimens of long-beaked common dolphin (Delphinus capensis; MDC12) and common 
dolphin ( Delphinus delphis; DDL1) using an aluminium pole ar med with biopsy tips (0.7 cm 
ø, 3.0 cm length), while skin biopsies from free-ranging specimens of Bryde’s whale 
(Balaenoptera edeni; MBE3), killer whale (Orcinus orca; MOO12), sperm whale (Physeter 
macrocephalus; PMAS1), bottlenose dolphin (Tursiops truncatus; TTA1) and Risso's dolphin 
(Grampus griseus; GGL1) were obtained using a Barnett Wildcat II crossbow with a 150-
pound test bow, using a biopsy dart with modified stainless steel collecting tip (0.9 cm ø, 4.0 
cm length). Biopsy samples were taken in the dorsal area near the dorsal fin, with CITES 
authorization (CITES Nat. IT025IS, Int. CITES IT 007) in the Sea of Cortez (MDC12, MBE3 
and MOO12) and Mediterranean Sea (DDL1, PMAS1, TTA1 and GGL1). A small fragment of 
the biopsy was immediately stored in cell medium for the cell cultures. 

2.2. Stranded cetaceans 

Skin tissue of stranded cetaceans (dead within 2-12 h) were obtained from specimens found 
dead along the Italian coasts in the period 2005–2009 (CITES Nat. IT025IS, Int. CITES IT 007). 
Samples were taken under the dorsal fin of stranded specimens of fin whale (RT2 and 
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for cooking and heating, coal burning) sources, are carcinogenic, teratogenic and mutagenic 
compounds [11] and some studies have shown that PAHs with four or more rings can 
induce dioxin-like activity and weak estrog enic responses [12]. Moreover PAHs have 
attracted scientific interest due to their genotoxicity [13]. But how is it possible to 
discriminate the effects of a specific toxic in a mixture of many pollutants and assess the 
susceptibility of a particular cetacean species to just one class of contaminants? The aim of 
the present study is to use cetacean fibroblast cell cultures, obtained from skin biopsy of 
free-ranging animals and from skin tissue of st randed animals dead within 12 h [14, 15], as 
an "in vitro" method, called “ Test Tube Cetaceans”, to investigate the effects of 
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endothelial cells and fibroblasts. MIC mole cules are considered to be stress-induced 
antigens that are recognized by cytotoxic T cells and natural killer (NK) cells, which 
play an important role in the surveillance of transformed infected and damaged cells 
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aquatic animals [22]. Compared to other genotoxicity tests, such as chromosomal 
aberrations, sister chromatid exchanges, alkaline elution, and micronucleus assay, the 
advantages of the Comet assay include its demonstrated sensitivity for detecting low 
levels of DNA damage (one break per 1010 Da of DNA), requirement for small number of 
cells (~10,0000) per sample, flexibility to use proliferating cells, low cost, ease of 
application, and the short time needed to complete a study [23]. 

2. Sampling methods 

2.1. Free- ranging cetaceans 

Samples of skin (epidermis, dermis and blubber) were obtained from free-ranging 
specimens of long-beaked common dolphin (Delphinus capensis; MDC12) and common 
dolphin ( Delphinus delphis; DDL1) using an aluminium pole ar med with biopsy tips (0.7 cm 
ø, 3.0 cm length), while skin biopsies from free-ranging specimens of Bryde’s whale 
(Balaenoptera edeni; MBE3), killer whale (Orcinus orca; MOO12), sperm whale (Physeter 
macrocephalus; PMAS1), bottlenose dolphin (Tursiops truncatus; TTA1) and Risso's dolphin 
(Grampus griseus; GGL1) were obtained using a Barnett Wildcat II crossbow with a 150-
pound test bow, using a biopsy dart with modified stainless steel collecting tip (0.9 cm ø, 4.0 
cm length). Biopsy samples were taken in the dorsal area near the dorsal fin, with CITES 
authorization (CITES Nat. IT025IS, Int. CITES IT 007) in the Sea of Cortez (MDC12, MBE3 
and MOO12) and Mediterranean Sea (DDL1, PMAS1, TTA1 and GGL1). A small fragment of 
the biopsy was immediately stored in cell medium for the cell cultures. 

2.2. Stranded cetaceans 

Skin tissue of stranded cetaceans (dead within 2-12 h) were obtained from specimens found 
dead along the Italian coasts in the period 2005–2009 (CITES Nat. IT025IS, Int. CITES IT 007). 
Samples were taken under the dorsal fin of stranded specimens of fin whale (RT2 and 
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RT25), sperm whale (PM6), bottlenose dolphin (TurNic) and striped dolphin (RT1 and 
RT23), and immediately placed in cell medium.  

2.3. Sex identification 

Sex determination in cetaceans was carried out by genetic investigations according to 
Berubè & Palsboll [24]. 

3. Fibroblast cell cultures 

The development of a non-invasive sampling method for obtaining viable tissue samples for 
cell cultures from skin biopsies of free-ranging and stranded cetaceans was described by 
Marsili et al. [14]. Successful cell cultures were obtained from all the animals. After the 
biopsy, skin samples were stored in sterile medium MEM Eagle Earle's salts w/L-glutamine 
and sodium bicarbonate (Mascia Brunelli, Milan, Italy) + 10% gamma irradiated fetal calf 
serum (Mascia Brunelli) + 1% MEM not essential aminoacids (NEAA) solution 100x (Mascia 
Brunelli) + 1% Penicillin/Streptomycin 100x (M ascia Brunelli) + 0.1% Amphotericin B 100x 
(Mascia Brunelli) at room temperature and was processed within 24 h of collection. In the 
laboratory, each sample was washed with Earle's balanced salt solution (EBSS; Mascia 
Brunelli) containing antibiotic (Penici llin/Streptomycin 100x [Mascia Brunelli]) and 
antimycotic (Amphotericin B 100x [Mascia Brune lli]) solutions. All specimens were handled 
using sterile techniques. Initially, the collected tissue was cut into small pieces with curved 
surgical scissors, placed in 30-mm Petri dishes and incubated with Tr ypsin-EDTA solution 
1x (Mascia Brunelli) for 15 min at 37°C. The biopsy fragments were washed again and then 
placed in Falcon 25 flasks, moistened with medium. After 24 h at 37°C in an incubator with 
5% CO2, the cultures were covered with 1 ml of  medium. Half of the culture medium was 
replaced every 48 h with fresh medium. 

4. Indirect immunofluorescence tecnique 

Third generation fibroblast cell cultures were exposed to the different mixtures of 
contaminants reported in the Table 1.  

We used immunofluorescence in fibroblast cultures for a qualitative and semi-quantitative 
analysis of target proteins CYP1A1, CYP2B and MICA. After a first reaction with the 
primary polyclonal antibodies (goat anti-rabbi t cytochrome P450 1A1 and goat anti-rabbit 
cytochrome P450 2B; Oxford Biochemical Research (Oxford MI, USA); rabbit polyclonal anti-
MICA; Abcam), the cells were treated with the respective secondary antibodies (Alexa Fluor 
594 goat anti-rabbit IgG (H+L) for CYP1A1 and CYP2B; Alexa Fluor 568 rabbit anti-goat IgG 
(H+L) for MICA; Invitrogen), labelled with red-fluorescent Alexa Fluor dye. 
Immunofluorescence was quantified with a specially designed Olympus Soft Imaging 
Systems macro, DetectIntZ, which works with the image acquisition, processing and analysis 
system, analySIS^B (Olympus) [15]. The image analysis procedure has the objective of 
quantifying, with an adimensional index genera ted for this purpose, the amount of Alexa  
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Name Mixture Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

OC 
mixture 

(Arochlor 1260 + 
pp’DDT + p’DDE) 

solubilized in 
DMSO (0.05%) 

0.01 �•g/ml 0.1 �•g/ml 1 �•g/ml 5 �•g/ml 
25 

�•g/ml 

PAHs 

Benzo(a)pyrene 
(1mM) + 

beta-
naphthoflavone 

(20mM) 
solubilized in 
acetone (0.1%) 

0.5�•M BaP 
+ 

10�•M BnF 

2.5�•M BaP 
+ 

50�•M BnF 

12.5�•M BaP 
+ 

250�•M BnF 
/ / 

Flame 
retardants 

BDE-MXE 
solubilized in 

nonane 
(0.01 �•g/ml) 

0.01 �•g/ml 0.05 �•g/ml 0.1 �•g/ml / / 

BPA 
BPA 

solubilized in 
ethanol (0.1%) 

0.1 �•g/ml 1 �•g/ml 10 �•g/ml 100 �•g/ml / 

��������  The different mixtures of contaminants and doses to which cell cultures were exposed. 

Fluor localized in the membrane of cytoplasmati c area of sample cells. The sample cells are 
imaged using DAPI and this image is presented to the operator for threshold selection of 
cytoplasmatic and nuclei Region of Interests (ROIs) across the field. The procedure then 
utilizes these ROIs to measure fluorescence intensity of Alexa Fluor sample cell and 
summarizes the results in a worksheet. The system generates index values which are 
unitless until compared with other units, such as number of cells to obtain mean 
fluorescence per cell or the area in which it is calculated to obtain mean fluorescence per 
mm2. Images are all obtained with a magnification of 20X, a calibration of 0.65 �•m/pixel and 
a resolution of 1360 x 1024 x 8 pixel. Exposure times were maintained fixed while reading 
the CYP1A1, CYP2B and MICA for each treatment. A series of images of each slide was 
acquired so that a minimum of 250 cells/slide could be counted. The total fluorescence 
revealed by the program is divided by number of cells to obtain arbitrary unity of 
fluorescence (AUF) per cell. Several slides for CYP1A1, CYP2B and MICA were made for 
each culture: one was a blank (cells treated only with primary and secondary antibodies), 
one was a secondary blank (cells treated only with secondary antibody), one was a chemical 
blank (cells treated with contaminant carrie r), two were for each treatment dose of 
contaminants. The blank enabled the natural presence of the target proteins in cultured 
fibroblasts to be checked. The secondary blank enabled validation of the dose of secondary 
antibody without cross reaction as  the primary antibody was absent. 

5. Genotoxicity biomarker: comet assay 

Fibroblast cell cultures (third generation) of striped dolphin (RT23) were subjected to this 
experimental protocol for 4 h. A cell line was exposed to a mixture of benzo(a)pyrene 
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RT25), sperm whale (PM6), bottlenose dolphin (TurNic) and striped dolphin (RT1 and 
RT23), and immediately placed in cell medium.  

2.3. Sex identification 

Sex determination in cetaceans was carried out by genetic investigations according to 
Berubè & Palsboll [24]. 

3. Fibroblast cell cultures 

The development of a non-invasive sampling method for obtaining viable tissue samples for 
cell cultures from skin biopsies of free-ranging and stranded cetaceans was described by 
Marsili et al. [14]. Successful cell cultures were obtained from all the animals. After the 
biopsy, skin samples were stored in sterile medium MEM Eagle Earle's salts w/L-glutamine 
and sodium bicarbonate (Mascia Brunelli, Milan, Italy) + 10% gamma irradiated fetal calf 
serum (Mascia Brunelli) + 1% MEM not essential aminoacids (NEAA) solution 100x (Mascia 
Brunelli) + 1% Penicillin/Streptomycin 100x (M ascia Brunelli) + 0.1% Amphotericin B 100x 
(Mascia Brunelli) at room temperature and was processed within 24 h of collection. In the 
laboratory, each sample was washed with Earle's balanced salt solution (EBSS; Mascia 
Brunelli) containing antibiotic (Penici llin/Streptomycin 100x [Mascia Brunelli]) and 
antimycotic (Amphotericin B 100x [Mascia Brune lli]) solutions. All specimens were handled 
using sterile techniques. Initially, the collected tissue was cut into small pieces with curved 
surgical scissors, placed in 30-mm Petri dishes and incubated with Tr ypsin-EDTA solution 
1x (Mascia Brunelli) for 15 min at 37°C. The biopsy fragments were washed again and then 
placed in Falcon 25 flasks, moistened with medium. After 24 h at 37°C in an incubator with 
5% CO2, the cultures were covered with 1 ml of  medium. Half of the culture medium was 
replaced every 48 h with fresh medium. 

4. Indirect immunofluorescence tecnique 

Third generation fibroblast cell cultures were exposed to the different mixtures of 
contaminants reported in the Table 1.  

We used immunofluorescence in fibroblast cultures for a qualitative and semi-quantitative 
analysis of target proteins CYP1A1, CYP2B and MICA. After a first reaction with the 
primary polyclonal antibodies (goat anti-rabbi t cytochrome P450 1A1 and goat anti-rabbit 
cytochrome P450 2B; Oxford Biochemical Research (Oxford MI, USA); rabbit polyclonal anti-
MICA; Abcam), the cells were treated with the respective secondary antibodies (Alexa Fluor 
594 goat anti-rabbit IgG (H+L) for CYP1A1 and CYP2B; Alexa Fluor 568 rabbit anti-goat IgG 
(H+L) for MICA; Invitrogen), labelled with red-fluorescent Alexa Fluor dye. 
Immunofluorescence was quantified with a specially designed Olympus Soft Imaging 
Systems macro, DetectIntZ, which works with the image acquisition, processing and analysis 
system, analySIS^B (Olympus) [15]. The image analysis procedure has the objective of 
quantifying, with an adimensional index genera ted for this purpose, the amount of Alexa  
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Fluor localized in the membrane of cytoplasmati c area of sample cells. The sample cells are 
imaged using DAPI and this image is presented to the operator for threshold selection of 
cytoplasmatic and nuclei Region of Interests (ROIs) across the field. The procedure then 
utilizes these ROIs to measure fluorescence intensity of Alexa Fluor sample cell and 
summarizes the results in a worksheet. The system generates index values which are 
unitless until compared with other units, such as number of cells to obtain mean 
fluorescence per cell or the area in which it is calculated to obtain mean fluorescence per 
mm2. Images are all obtained with a magnification of 20X, a calibration of 0.65 �•m/pixel and 
a resolution of 1360 x 1024 x 8 pixel. Exposure times were maintained fixed while reading 
the CYP1A1, CYP2B and MICA for each treatment. A series of images of each slide was 
acquired so that a minimum of 250 cells/slide could be counted. The total fluorescence 
revealed by the program is divided by number of cells to obtain arbitrary unity of 
fluorescence (AUF) per cell. Several slides for CYP1A1, CYP2B and MICA were made for 
each culture: one was a blank (cells treated only with primary and secondary antibodies), 
one was a secondary blank (cells treated only with secondary antibody), one was a chemical 
blank (cells treated with contaminant carrie r), two were for each treatment dose of 
contaminants. The blank enabled the natural presence of the target proteins in cultured 
fibroblasts to be checked. The secondary blank enabled validation of the dose of secondary 
antibody without cross reaction as  the primary antibody was absent. 

5. Genotoxicity biomarker: comet assay 

Fibroblast cell cultures (third generation) of striped dolphin (RT23) were subjected to this 
experimental protocol for 4 h. A cell line was exposed to a mixture of benzo(a)pyrene 
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(1mM) and beta-naphthoflavone (20mM), solubilized in acetone (0.1%), at three doses 
(Table 1), plus an acetone (0.1%) control. Fibroblast cell cultures were processed for the 
comet assay after Caliani et al. [13], with some modifications.  The cells were centrifuged at 
1000 g for 10 min, then were embedded in agarose (0.5% low-melting agarose) and 
layered on conventional slides, predipped in 1% normal melting agarose. The slides were 
immersed into a freshly made lysis solution  (2.5 M NaCl, 10 mM Tris, 0.1 M EDTA, 1% 
Triton X-100, and 10% DMSO, pH 10) for at least 1 h at 4°C in the dark. The slides were 
then placed on a horizontal electrophoresis tray previously filled with freshly prepared 
cold alkaline buffer and left for 20 min to allow DNA unwinding. Electrophoresis was 
performed at 25 V and 300 mA for 20 min. The DNA migration was evaluated at three 
different pH conditions (pH 13, pH 12.1, pH 8). Slides were then neutralized in Tris (0.4 
M, pH 7.5) for 3x5 min and stained with Sybr safe 1:10.000 in TE (10 mM Tris-HCl pH 7.5 
and 500 mM EDTA pH 7.5) buffer. A total of 50 cells per slide were examined under 
epifluorescence at 40X magnification. The amount of DNA damage was evaluated  
as the percentage of DNA migrating out of the nucleus using an image analyser (Komet 
6.0 Software, Kinetic Imaging Ltd.), connected to a fluorescent microscope (Olympus 
BX41). 

6. Interspecies differences in the Mixed Function Oxidase (MFO) as 
biomarker of exposure of different environmental contaminants 

Fibroblast cell cultures of fin whale (RT2), Bryde’s whale (MBE3), sperm whale (PM6), killer 
whale (MOO12), Risso's dolphin (GGL1), bottlenose dolphin (TurNic), striped dolphin 
(RT1), long-beaked common dolphin (MDC12) and common dolphin (DDL1) were treated 
for 48 h with different environmental contaminants and the quantification of the induction 
of endogenous proteins such as CYP1A1 and CYP2B was used as target of toxicological 
susceptibility. The presence and the induction of CYP1A1 and CYP2B were evaluated with 
the indirect immunofluorescence and qu antified with the Olympus macro, DetectIntZ. 
CYP1A1 is induced by planar compounds and CYP2B by globular compounds. The 
treatments were performed with OC mixture; flame retardants; PAHs; and BPA (Table 1). In 
the total mixture of Arochlor 1260 [25] only the 1.3033% shows a CYP1A1 inductive capacity 
while the remaining congeners are CYP2B inducers [26, 27, 28, 29, 30]. pp’DDE and pp’DDT 
are known as CYP2B inducers [31, 32] but an experiment on fibroblast cell culture of sperm 
whale (PM6) treated only with pp’DDT an d pp’DDE has shown a capacity of these 
compounds to induce also the CYP1A1 (Figure 1). Examining at the bromine substitution 
patterns in the basic structure of the PBDE molecule, and with the support of the other 
studies on this topic [33] we can say that in the BDE-MXE mixture, the 18.72% is CYP1A1 
inducer and the rest of congeners are CYP2B inducers. Benzo(a)pyrene and beta-
naphthoflavone are important planar compou nds and CYP1A1 inducers [31]. Finally BPA 
that may be a human-specific inducer of the CYP3A4 gene [34], but many studies have 
shown that BPA inhibits several P450-dependent monooxygenases activities (CYP1A2, 
CYP2A2, CYP2B2, CYP2C11, CYP2D1, CYP2E1 and CYP3A2) [35]. 
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6.1. Basal levels of CYP1A1 and CYP2B in different species  

The first result of these experiments in nine cetacean species was the detection of the 
presence of CYP1A1 and CYP2B in fibroblast cells of all species, revealed by 
immunofluorescence (Figure 2A-B); a higher basal expression of both proteins was found in 
Risso’s dolphin (GGL1) and bottlenose dolphi n (TurNic), while fin whale (RT2) and sperm 
whale (PM6) showed the lowest levels of these proteins. The Risso's dolphin (GGL1) and the 
sperm whale (PM6) have a very similar diet, consisting mostly of squid. Nevertheless, they 
have a very different basal expression of the two cytochromes. As for the other species, very 
high levels of CYP1A1 were present in the Bryde’s whale (MBE3). This mysticete sampled in 
the Sea of Cortez showed CYP1A1 levels more than 20 times greater than the other 
mysticete studied, the Mediterranean fin whale (RT2). Regarding the levels of contaminants 
detected in the blubber of different species, the bottlenose dolphin (TurNic), stranded along 
the coasts of the Mediterranean Sea, had very high levels of organochlorine contaminants in 
its blubber (DDTs = 77.4 �•g/g lipid weight (l.w.); PCBs = 262.6 �•g/g l.w.) that are potent 
inducers of CYP2B. In fact, especially in this specimen this cytochrome appears to be 
markedly higher than the levels shown by ot her species (Figure 2B). But the sperm whale 
(PM6) was also a stranded specimen found on the Italian coasts (Mediterranean Sea) having 
high values of these xenobiotics in the blubber. It seems therefore that this basal activity is 
more species-specific than related to the geographical location, diet, toxicological status, etc. 
in which the animals were found. 
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(1mM) and beta-naphthoflavone (20mM), solubilized in acetone (0.1%), at three doses 
(Table 1), plus an acetone (0.1%) control. Fibroblast cell cultures were processed for the 
comet assay after Caliani et al. [13], with some modifications.  The cells were centrifuged at 
1000 g for 10 min, then were embedded in agarose (0.5% low-melting agarose) and 
layered on conventional slides, predipped in 1% normal melting agarose. The slides were 
immersed into a freshly made lysis solution  (2.5 M NaCl, 10 mM Tris, 0.1 M EDTA, 1% 
Triton X-100, and 10% DMSO, pH 10) for at least 1 h at 4°C in the dark. The slides were 
then placed on a horizontal electrophoresis tray previously filled with freshly prepared 
cold alkaline buffer and left for 20 min to allow DNA unwinding. Electrophoresis was 
performed at 25 V and 300 mA for 20 min. The DNA migration was evaluated at three 
different pH conditions (pH 13, pH 12.1, pH 8). Slides were then neutralized in Tris (0.4 
M, pH 7.5) for 3x5 min and stained with Sybr safe 1:10.000 in TE (10 mM Tris-HCl pH 7.5 
and 500 mM EDTA pH 7.5) buffer. A total of 50 cells per slide were examined under 
epifluorescence at 40X magnification. The amount of DNA damage was evaluated  
as the percentage of DNA migrating out of the nucleus using an image analyser (Komet 
6.0 Software, Kinetic Imaging Ltd.), connected to a fluorescent microscope (Olympus 
BX41). 

6. Interspecies differences in the Mixed Function Oxidase (MFO) as 
biomarker of exposure of different environmental contaminants 

Fibroblast cell cultures of fin whale (RT2), Bryde’s whale (MBE3), sperm whale (PM6), killer 
whale (MOO12), Risso's dolphin (GGL1), bottlenose dolphin (TurNic), striped dolphin 
(RT1), long-beaked common dolphin (MDC12) and common dolphin (DDL1) were treated 
for 48 h with different environmental contaminants and the quantification of the induction 
of endogenous proteins such as CYP1A1 and CYP2B was used as target of toxicological 
susceptibility. The presence and the induction of CYP1A1 and CYP2B were evaluated with 
the indirect immunofluorescence and qu antified with the Olympus macro, DetectIntZ. 
CYP1A1 is induced by planar compounds and CYP2B by globular compounds. The 
treatments were performed with OC mixture; flame retardants; PAHs; and BPA (Table 1). In 
the total mixture of Arochlor 1260 [25] only the 1.3033% shows a CYP1A1 inductive capacity 
while the remaining congeners are CYP2B inducers [26, 27, 28, 29, 30]. pp’DDE and pp’DDT 
are known as CYP2B inducers [31, 32] but an experiment on fibroblast cell culture of sperm 
whale (PM6) treated only with pp’DDT an d pp’DDE has shown a capacity of these 
compounds to induce also the CYP1A1 (Figure 1). Examining at the bromine substitution 
patterns in the basic structure of the PBDE molecule, and with the support of the other 
studies on this topic [33] we can say that in the BDE-MXE mixture, the 18.72% is CYP1A1 
inducer and the rest of congeners are CYP2B inducers. Benzo(a)pyrene and beta-
naphthoflavone are important planar compou nds and CYP1A1 inducers [31]. Finally BPA 
that may be a human-specific inducer of the CYP3A4 gene [34], but many studies have 
shown that BPA inhibits several P450-dependent monooxygenases activities (CYP1A2, 
CYP2A2, CYP2B2, CYP2C11, CYP2D1, CYP2E1 and CYP3A2) [35]. 
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have a very different basal expression of the two cytochromes. As for the other species, very 
high levels of CYP1A1 were present in the Bryde’s whale (MBE3). This mysticete sampled in 
the Sea of Cortez showed CYP1A1 levels more than 20 times greater than the other 
mysticete studied, the Mediterranean fin whale (RT2). Regarding the levels of contaminants 
detected in the blubber of different species, the bottlenose dolphin (TurNic), stranded along 
the coasts of the Mediterranean Sea, had very high levels of organochlorine contaminants in 
its blubber (DDTs = 77.4 �•g/g lipid weight (l.w.); PCBs = 262.6 �•g/g l.w.) that are potent 
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���������  (A-B): Basal levels of immunofluorescence (AUF/nucleus) of CYP1A1 (A) and CYP2B (B) in 
fibroblast cells of fin whale (B.p.) , Bryde’s whale (B.e.), sperm whale (P.m.), killer wha le (O.o.), Risso’s 
dolphin (G.g.), bottlenose dolphin (T.t.), striped dolp hin (S.c.), long-beaked common dolphin (D.c.) and 
common dolphin (D.d.).  
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6.2. CYP1A1 and CYP2B in different species after treatment with OC mixture  

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species tr eated with OC mixture and expressed as index 
numbers, are reported in Table 2A-B.  

 

A   CYP1A1 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 125.1 170.3 148.0 104.3 143.6 

MBE3 (Bryde’s whale) 100 31.6 106.2 55.8 / / 

PM6 (sperm whale) 100 / / 15.7 31.9 77.4 

MOO12 (killer whale) 100 427.2 288.6 207.8 696.6 49.0 

GGL1 (Risso’s dolphin) 100 / / 144.5 224.1 104.7 

TurNic (bottlenose dolphin) 100 63.0 96.5 81.4 / / 

RT1 (striped dolphin) 100 56.4 31.0 49.3 94.1 219.6 

MDC12 (long-beaked common dolphin) 100 325.9 312.1 836.9 / / 

DDL1 (common dolphin) 100 / / 111.4 117.3 82.9 

B   CYP2B 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 112.3 110.1 110.4 116.3 146.5 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 / / 134.6 292.1 212.4 

MOO12 (killer whale) 100 156.4 300.5 456.0 153.3 104.3 

GGL1 (Risso’s dolphin) 100 / / 70.8 45.2 128.1 

TurNic (bottlenose dolphin) 100 88.6 136.2 85.7 / / 

RT1 (striped dolphin) 100 399.8 756.2 305.7 141.8 368.0 

MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 / / 

DDL1 (common dolphin) 100 / / 112.1 102.0 84.7 

 

��������   (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in 
cultured fibroblasts of different sp ecies treated with OC mixture. The immunofluorescence is expressed 
as  index numbers respect to solvent control. Different colour of box is related to different increase of 
these proteins. N.C. = no cells. 
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���������  (A-B): Basal levels of immunofluorescence (AUF/nucleus) of CYP1A1 (A) and CYP2B (B) in 
fibroblast cells of fin whale (B.p.) , Bryde’s whale (B.e.), sperm whale (P.m.), killer wha le (O.o.), Risso’s 
dolphin (G.g.), bottlenose dolphin (T.t.), striped dolp hin (S.c.), long-beaked common dolphin (D.c.) and 
common dolphin (D.d.).  
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6.2. CYP1A1 and CYP2B in different species after treatment with OC mixture  

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species tr eated with OC mixture and expressed as index 
numbers, are reported in Table 2A-B.  

 

A   CYP1A1 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 125.1 170.3 148.0 104.3 143.6 

MBE3 (Bryde’s whale) 100 31.6 106.2 55.8 / / 

PM6 (sperm whale) 100 / / 15.7 31.9 77.4 

MOO12 (killer whale) 100 427.2 288.6 207.8 696.6 49.0 

GGL1 (Risso’s dolphin) 100 / / 144.5 224.1 104.7 

TurNic (bottlenose dolphin) 100 63.0 96.5 81.4 / / 

RT1 (striped dolphin) 100 56.4 31.0 49.3 94.1 219.6 

MDC12 (long-beaked common dolphin) 100 325.9 312.1 836.9 / / 

DDL1 (common dolphin) 100 / / 111.4 117.3 82.9 

B   CYP2B 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 112.3 110.1 110.4 116.3 146.5 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 / / 134.6 292.1 212.4 

MOO12 (killer whale) 100 156.4 300.5 456.0 153.3 104.3 

GGL1 (Risso’s dolphin) 100 / / 70.8 45.2 128.1 

TurNic (bottlenose dolphin) 100 88.6 136.2 85.7 / / 

RT1 (striped dolphin) 100 399.8 756.2 305.7 141.8 368.0 

MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 / / 

DDL1 (common dolphin) 100 / / 112.1 102.0 84.7 

 

��������   (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in 
cultured fibroblasts of different sp ecies treated with OC mixture. The immunofluorescence is expressed 
as  index numbers respect to solvent control. Different colour of box is related to different increase of 
these proteins. N.C. = no cells. 
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The results confirm the capability of this me thodology to detect CYP1A1 (Table 2A) and 
CYP2B (Table 2B) induction with OC mixture in many species of this study; particularly we 
had induction of CYP1A1 and CYP2B, with respect to chemical blank (DMSO), at all doses 
in fin whale (RT2) (Figure 3A; D) and long-beaked common dolphin (MDC12); an induction 
of CYP1A1 was detected at all doses in Risso’s dolphin (GGL1) and of CYP2B at all doses in 
sperm whale (PM6), killer whale (MOO12) an d striped dolphin (RT1) (Figure 3F). No 
induction of CYP1A1 was detected in sperm whale (PM6) and bottlenose dolphin (TurNic), 
while CYP2B showed OC induction at least at one treatment dose in all species. Different 
induction responses were given by the diffe rent specimens: there was a dose/response 
induction for CYP1A1 only for long-beaked common dolphin (MDC12) and for CYP2B only 
for fin whale (RT2) (Figure 3D), while a bell- shaped response was present for CYP1A1 in 
Risso’s dolphin (GGL1) and common dolphi n (DDL1), and for CYP2B in sperm whale 
(PM6), killer whale (MOO12) (Figure 3E), striped dolphin (RT1) (Figure 3F) and common 
dolphin (DDL1). Discontinuous induction resp onse was showed for CYP1A1 and CYP2B by 
the other specimens such as CYP1A1 in killer whale (MOO12) (Figure 3B) and striped 
dolphin (RT1) (Figure 3C). It is interesting to point out that all species, following treatment 
with the OC mixture, showed a greater re sponse of CYP2B, compared to CYP1A1, 
confirming that these xenobiotics mostly with globular structure have a major ability to 
induce this cytochrome. 

 
���������  A-F: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-C) and CYP2B (D-F) in fibroblast 
cells of fin whale (RT2) (A, D), killer whale (MOO12) (B , E) and striped dolphin (R T1) (C, F) treated with 
OC mixture. DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments. 
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6.3. CYP1A1 and CYP2B in different species after treatment with flame 
retardants 

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species tr eated with flame retardants and expressed as 
index numbers, are reported in Table 3A-B. Marked differences in CYP1A1 (Table 3A) and 
CYP2B (Table 3B) induction by flame retardants were detected in different species, with 
higher sensitivity of responses in striped do lphin (RT1) for CYP1A1 (Figure 4A) and killer 
whale (MOO12) for CYP2B. To be highlighted that we have an inductive response of both 
cytochromes in the same animals, precisely in sperm whale (PM6), killer whale (MOO12), 
striped dolphin (RT1) (Figure 4A; C), long-b eaked common dolphin (MDC12) (Figure 4B; D) 
and common dolphin (DDL1). Bottlenose dolp hin (TurNic) showed only the CYP1A1 
induction. 

 

A   CYP1A1 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 52.1 91.2 51.3 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 113.2 105.2 52.0 

MOO12 (killer whale) 100 132.2 36.6 131.1 

GGL1 (Risso’s dolphin) 100 73.3 98.6 82.6 

TurNic (bottlenose dolphin) 100 71.1 102.5 131.9 

RT1 (striped dolphin) 100 128.4 232.6 273.1 

MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 

DDL1 (common dolphin) 100 135.4 133.9 154.6 

B   CYP2B 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale ) 100 60.2 68.4 54.1 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale ) 100 111.9 70.5 63.1 

MOO12 (killer whale) 100 314.7 110.7 52.7 

GGL1 (Risso’s dolphin) 100 70.2 75.9 48.6 

TurNic (bottlenose dolphin) 100 71.5 69.2 94.1 

RT1 (striped dolphin) 100 177.4 109.9 128.3 

MDC12 (long-beaked common dolphin) 100 149.5 139.3 178.1 

DDL1 (common dolphin) 100 118.4 85.8 324.5 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with flame retardants. The immunofluorescence is expressed as 
index numbers respect to solvent control. Different colo ur of box is related to different increase of these 
proteins. N.C. = no cells. 

A dose dependent induction of CYP1A1 was detected in striped dolphin (RT1) and common 
dolphin (DDL1) and of CYP2B only in long-beaked common dolphin (MDC12). A bell-
shaped response was present for CYP1A1 and CYP2B in sperm whale (PM6), and for CYP2B 
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The results confirm the capability of this me thodology to detect CYP1A1 (Table 2A) and 
CYP2B (Table 2B) induction with OC mixture in many species of this study; particularly we 
had induction of CYP1A1 and CYP2B, with respect to chemical blank (DMSO), at all doses 
in fin whale (RT2) (Figure 3A; D) and long-beaked common dolphin (MDC12); an induction 
of CYP1A1 was detected at all doses in Risso’s dolphin (GGL1) and of CYP2B at all doses in 
sperm whale (PM6), killer whale (MOO12) an d striped dolphin (RT1) (Figure 3F). No 
induction of CYP1A1 was detected in sperm whale (PM6) and bottlenose dolphin (TurNic), 
while CYP2B showed OC induction at least at one treatment dose in all species. Different 
induction responses were given by the diffe rent specimens: there was a dose/response 
induction for CYP1A1 only for long-beaked common dolphin (MDC12) and for CYP2B only 
for fin whale (RT2) (Figure 3D), while a bell- shaped response was present for CYP1A1 in 
Risso’s dolphin (GGL1) and common dolphi n (DDL1), and for CYP2B in sperm whale 
(PM6), killer whale (MOO12) (Figure 3E), striped dolphin (RT1) (Figure 3F) and common 
dolphin (DDL1). Discontinuous induction resp onse was showed for CYP1A1 and CYP2B by 
the other specimens such as CYP1A1 in killer whale (MOO12) (Figure 3B) and striped 
dolphin (RT1) (Figure 3C). It is interesting to point out that all species, following treatment 
with the OC mixture, showed a greater re sponse of CYP2B, compared to CYP1A1, 
confirming that these xenobiotics mostly with globular structure have a major ability to 
induce this cytochrome. 

 
���������  A-F: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-C) and CYP2B (D-F) in fibroblast 
cells of fin whale (RT2) (A, D), killer whale (MOO12) (B , E) and striped dolphin (R T1) (C, F) treated with 
OC mixture. DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments. 
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6.3. CYP1A1 and CYP2B in different species after treatment with flame 
retardants 

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species tr eated with flame retardants and expressed as 
index numbers, are reported in Table 3A-B. Marked differences in CYP1A1 (Table 3A) and 
CYP2B (Table 3B) induction by flame retardants were detected in different species, with 
higher sensitivity of responses in striped do lphin (RT1) for CYP1A1 (Figure 4A) and killer 
whale (MOO12) for CYP2B. To be highlighted that we have an inductive response of both 
cytochromes in the same animals, precisely in sperm whale (PM6), killer whale (MOO12), 
striped dolphin (RT1) (Figure 4A; C), long-b eaked common dolphin (MDC12) (Figure 4B; D) 
and common dolphin (DDL1). Bottlenose dolp hin (TurNic) showed only the CYP1A1 
induction. 

 

A   CYP1A1 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 52.1 91.2 51.3 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 113.2 105.2 52.0 

MOO12 (killer whale) 100 132.2 36.6 131.1 

GGL1 (Risso’s dolphin) 100 73.3 98.6 82.6 

TurNic (bottlenose dolphin) 100 71.1 102.5 131.9 

RT1 (striped dolphin) 100 128.4 232.6 273.1 

MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 

DDL1 (common dolphin) 100 135.4 133.9 154.6 

B   CYP2B 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale ) 100 60.2 68.4 54.1 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale ) 100 111.9 70.5 63.1 

MOO12 (killer whale) 100 314.7 110.7 52.7 

GGL1 (Risso’s dolphin) 100 70.2 75.9 48.6 

TurNic (bottlenose dolphin) 100 71.5 69.2 94.1 

RT1 (striped dolphin) 100 177.4 109.9 128.3 

MDC12 (long-beaked common dolphin) 100 149.5 139.3 178.1 

DDL1 (common dolphin) 100 118.4 85.8 324.5 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with flame retardants. The immunofluorescence is expressed as 
index numbers respect to solvent control. Different colo ur of box is related to different increase of these 
proteins. N.C. = no cells. 

A dose dependent induction of CYP1A1 was detected in striped dolphin (RT1) and common 
dolphin (DDL1) and of CYP2B only in long-beaked common dolphin (MDC12). A bell-
shaped response was present for CYP1A1 and CYP2B in sperm whale (PM6), and for CYP2B 
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in killer whale (MOO12) and striped dolphi n (RT1), while discontinuous induction 
responses were showed for CYP1A1 and CYP2B by the other species. Also these 
contaminants are mainly with globular structure as OC mixture, but no differences are 
present in the induction of the two cytochromes.  

 
���������  A-D: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of striped dolphin (RT1) (A, C) and long-beaked common dolphin (MDC12) (B, D) treated with 
flame retardants. DAPI and Alexa Fluor 594 (Intensity 200ms) images of Nonane and the three flame 
retardant treatments. 

6.4. CYP1A1 and CYP2B in different species after treatment with PAHs 

In Table 4A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of different species treated with PAHs, 
expressed as index numbers.  

Only the fibroblasts of some species were treated with PAHs due to th e fact that there was 
not a sufficient amount of cells from all of  them to perform the various contaminant 
treatments. These planar contaminants are known to induce CYP1A1. In fact, an increase of 
CYP1A1 was detected, at least at one dose, in all specimens cultured fibroblasts exposed to 
PAHs (Table 4A) (Figure 5A-E). In the Risso's dolphin (GGL1) and in the striped dolphin 
(RT1), the higher dose of PAHs even caused the death of all cells. The fibroblast vitality was 
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assessed with trypan blue, a quality control test to check the cell preparation. In the event of 
cell damage, trypan blue penetrates the cell membrane, and dead or damaged cells appear 
blue [36]. CYP2B also, showed induction in the three species treated with PAHs (Table 4B). 
The striped dolphin (RT1) showed the same trend for the two cytochromes (Table 4A-B).   
 

A   CYP1A1 
Acetone 

0.1% 
Dose C Dose B Dose A 

MBE3 (Bryde’s whale)  100 31.6 106.2 55.8 

PM6 (sperm whale) 100 111.5 69.6 68.2 

GGL1 (Risso’s dolphin) 100 107.7 90.2 D.C. 

RT1 (striped dolphin) 100 279.8 77.3 D.C. 

MDC12 (long-beaked common dolphin)  100 155.6 279.7 123.2 

B   CYP2B 
DMSO 
0.1% 

0.01 µg/ml 0. 1 µg/ml 1 µg/ml 

MBE3 (Bryde’s whale)  N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 125.0 64.2 101.6 

GGL1 (Risso’s dolphin) N.C. N.C. N.C. N.C. 

RT1 (striped dolphin) 100 108.6 25.3 D.C. 

MDC12 (long-beaked common dolphin)  100 218.6 65.6 64.3 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with PAHs (Dose C = 0.5�•M BaP + 10�•M BnF, Dose B = 2.5�•M 
BaP + 50�•M BnF and Dose A = 12.5�•M BaP + 250�•M BnF). The immunofluorescence is expressed as  
index numbers respect to solvent control. Different colo ur of box is related to different increase of these 
proteins. N.C. = no cells. D.C. = death cells. 

6.5. CYP1A1 and CYP2B in different species after treatment with BPA 

In Table 5A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of killer whale (MOO12) treated with  
BPA, expressed as index numbers.  
 

A   CYP1A1 Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale)  100 800.7 886.3 747.3 D.C. 

B   CYP2B Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale)  100 48.3 40.4 49.2 D.C. 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with BPA.  The immunofluorescence is expressed as index 
numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. D.C. = death cells. 

Only one species, the killer whale, was treated with this potent estrogenic compound since 
the study to evaluate the cetacean susceptibility to BPA has just started in our laboratories. 
However, this preliminary experiment confirms  that BPA is a potent CYP2B inhibitor [35] 
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in killer whale (MOO12) and striped dolphi n (RT1), while discontinuous induction 
responses were showed for CYP1A1 and CYP2B by the other species. Also these 
contaminants are mainly with globular structure as OC mixture, but no differences are 
present in the induction of the two cytochromes.  

 
���������  A-D: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of striped dolphin (RT1) (A, C) and long-beaked common dolphin (MDC12) (B, D) treated with 
flame retardants. DAPI and Alexa Fluor 594 (Intensity 200ms) images of Nonane and the three flame 
retardant treatments. 

6.4. CYP1A1 and CYP2B in different species after treatment with PAHs 

In Table 4A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of different species treated with PAHs, 
expressed as index numbers.  

Only the fibroblasts of some species were treated with PAHs due to th e fact that there was 
not a sufficient amount of cells from all of  them to perform the various contaminant 
treatments. These planar contaminants are known to induce CYP1A1. In fact, an increase of 
CYP1A1 was detected, at least at one dose, in all specimens cultured fibroblasts exposed to 
PAHs (Table 4A) (Figure 5A-E). In the Risso's dolphin (GGL1) and in the striped dolphin 
(RT1), the higher dose of PAHs even caused the death of all cells. The fibroblast vitality was 
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assessed with trypan blue, a quality control test to check the cell preparation. In the event of 
cell damage, trypan blue penetrates the cell membrane, and dead or damaged cells appear 
blue [36]. CYP2B also, showed induction in the three species treated with PAHs (Table 4B). 
The striped dolphin (RT1) showed the same trend for the two cytochromes (Table 4A-B).   
 

A   CYP1A1 
Acetone 

0.1% 
Dose C Dose B Dose A 

MBE3 (Bryde’s whale)  100 31.6 106.2 55.8 

PM6 (sperm whale) 100 111.5 69.6 68.2 

GGL1 (Risso’s dolphin) 100 107.7 90.2 D.C. 

RT1 (striped dolphin) 100 279.8 77.3 D.C. 

MDC12 (long-beaked common dolphin)  100 155.6 279.7 123.2 

B   CYP2B 
DMSO 
0.1% 

0.01 µg/ml 0. 1 µg/ml 1 µg/ml 

MBE3 (Bryde’s whale)  N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 125.0 64.2 101.6 

GGL1 (Risso’s dolphin) N.C. N.C. N.C. N.C. 

RT1 (striped dolphin) 100 108.6 25.3 D.C. 

MDC12 (long-beaked common dolphin)  100 218.6 65.6 64.3 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with PAHs (Dose C = 0.5�•M BaP + 10�•M BnF, Dose B = 2.5�•M 
BaP + 50�•M BnF and Dose A = 12.5�•M BaP + 250�•M BnF). The immunofluorescence is expressed as  
index numbers respect to solvent control. Different colo ur of box is related to different increase of these 
proteins. N.C. = no cells. D.C. = death cells. 

6.5. CYP1A1 and CYP2B in different species after treatment with BPA 

In Table 5A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of killer whale (MOO12) treated with  
BPA, expressed as index numbers.  
 

A   CYP1A1 Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale)  100 800.7 886.3 747.3 D.C. 

B   CYP2B Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale)  100 48.3 40.4 49.2 D.C. 

��������  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with BPA.  The immunofluorescence is expressed as index 
numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. D.C. = death cells. 

Only one species, the killer whale, was treated with this potent estrogenic compound since 
the study to evaluate the cetacean susceptibility to BPA has just started in our laboratories. 
However, this preliminary experiment confirms  that BPA is a potent CYP2B inhibitor [35] 
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while it gives information on CYP1A1 inductive capacity (Figure 6 A-B). To be highlighted 
that the highest used dose (100 �•g/ml) is 100% lethal for fibroblast cells.  

 
���������  A-E: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-E) in fibroblast cells of Bryde’s whale 
(MBE3) (A), sperm whale (PM6) (B), Risso’s dolphin (GGL1) (C), Striped dolphin (RT1) (D) and long-
beaked common dolphin (MDC12) (E) treated with PAHs. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Acetone and the three PAH treatments. 

 
���������  A-B: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of killer whale (MOO12) (A, B) treated with BPA. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Ethanol and the four BPA treatments. 
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7. Qualitative and quantitative mica protein expression as toxicological 
stress marker of the immune system 

Cetacean morbilliviruses and papillomaviruses as well as Brucella spp. and Toxoplasma gondii 
are thought to reduce population abundance by inducing high mortalities, lowering 
reproductive success or by synergistically increasing the virulence of other diseases. Severe 
cases of lobomycosis and lobomycosis-like disease (LLD) may contribute to the death of 
some dolphins [37]. Environmental contamination seems to play a role in these diseases 
because many pollutants are known immunosuppressants and can markedly affect the 
immune status of the cetacean specimens [38, 39, 40, 41, 42]. As already mentioned, the 
cetacean skin is an important tissue of the immune system and the MICA protein, used in 
this study as toxicological stress marker of the immune system, is expressed in fibroblasts. 
In fact, the aim of this study was to evaluate the MICA protein expression in fibroblast cell 
cultures of cetaceans (skin biopsies of free-ranging animals and skin samples of stranded 
cetaceans dead within 2-12 h). Here we present the immunofluorescence technique in 
cultured fibroblasts used for qualitative and quantitative evaluation of MICA expression, 
induced by treatment with OC mixture, flame retardants, PAHs  and BPA, as toxicological 
stress marker of the immune system of different species of odontocetes (sperm whale 
(PMAS1), killer whale  (OO12), striped dolphin  (RT23), long-beaked common dolphin 
(MDC12)) and mysticetes (fin whale (RT25), Bryde’s whale (MBE3)). 

7.1. Basal levels of MICA in different species 

The basal level of MICA, evaluated with immuno fluorescence technique in the fibroblasts of 
different cetacean species before treatment with different mixtures, is the first important 
result of this research step as it provides an indication of the immune status of these marine 
mammals. The results, expressed as immunofluorescence for cell (AUF/nucleus) mean 
values are presented in the Table 6 and, as histograms, in the Figure 7. 
 

 MICA (UAF/nucleus) 
Bryde’s whale (MBE3) 50482.0 

Long-beaked common dolphin (MDC12) 94751.0 
Killer whale (MOO12) 195378.0 
Sperm whale (PMAS1) 12647.0 

Bottlenose dolphin (TTA1) 31473.0 
Striped dolphin (RT23) 18511.0 

Fin whale (RT25) 31325.0 

��������  Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale, long-beaked common dolphi n, killer whale, sperm whale, bottlenose dolphin, striped dolphin 
and fin whale. 

We can highlight that the three specimens belonging to the three species sampled in the Sea 
of Cortez (Bryde’s whale, long-beaked common dolphin and killer whale) showed higher 
basal activity of MICA with respect to all Mediterranean specimens, regardless of the  
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while it gives information on CYP1A1 inductive capacity (Figure 6 A-B). To be highlighted 
that the highest used dose (100 �•g/ml) is 100% lethal for fibroblast cells.  

 
���������  A-E: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-E) in fibroblast cells of Bryde’s whale 
(MBE3) (A), sperm whale (PM6) (B), Risso’s dolphin (GGL1) (C), Striped dolphin (RT1) (D) and long-
beaked common dolphin (MDC12) (E) treated with PAHs. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Acetone and the three PAH treatments. 

 
���������  A-B: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of killer whale (MOO12) (A, B) treated with BPA. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Ethanol and the four BPA treatments. 
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7. Qualitative and quantitative mica protein expression as toxicological 
stress marker of the immune system 

Cetacean morbilliviruses and papillomaviruses as well as Brucella spp. and Toxoplasma gondii 
are thought to reduce population abundance by inducing high mortalities, lowering 
reproductive success or by synergistically increasing the virulence of other diseases. Severe 
cases of lobomycosis and lobomycosis-like disease (LLD) may contribute to the death of 
some dolphins [37]. Environmental contamination seems to play a role in these diseases 
because many pollutants are known immunosuppressants and can markedly affect the 
immune status of the cetacean specimens [38, 39, 40, 41, 42]. As already mentioned, the 
cetacean skin is an important tissue of the immune system and the MICA protein, used in 
this study as toxicological stress marker of the immune system, is expressed in fibroblasts. 
In fact, the aim of this study was to evaluate the MICA protein expression in fibroblast cell 
cultures of cetaceans (skin biopsies of free-ranging animals and skin samples of stranded 
cetaceans dead within 2-12 h). Here we present the immunofluorescence technique in 
cultured fibroblasts used for qualitative and quantitative evaluation of MICA expression, 
induced by treatment with OC mixture, flame retardants, PAHs  and BPA, as toxicological 
stress marker of the immune system of different species of odontocetes (sperm whale 
(PMAS1), killer whale  (OO12), striped dolphin  (RT23), long-beaked common dolphin 
(MDC12)) and mysticetes (fin whale (RT25), Bryde’s whale (MBE3)). 

7.1. Basal levels of MICA in different species 

The basal level of MICA, evaluated with immuno fluorescence technique in the fibroblasts of 
different cetacean species before treatment with different mixtures, is the first important 
result of this research step as it provides an indication of the immune status of these marine 
mammals. The results, expressed as immunofluorescence for cell (AUF/nucleus) mean 
values are presented in the Table 6 and, as histograms, in the Figure 7. 
 

 MICA (UAF/nucleus) 
Bryde’s whale (MBE3) 50482.0 

Long-beaked common dolphin (MDC12) 94751.0 
Killer whale (MOO12) 195378.0 
Sperm whale (PMAS1) 12647.0 

Bottlenose dolphin (TTA1) 31473.0 
Striped dolphin (RT23) 18511.0 

Fin whale (RT25) 31325.0 

��������  Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale, long-beaked common dolphi n, killer whale, sperm whale, bottlenose dolphin, striped dolphin 
and fin whale. 

We can highlight that the three specimens belonging to the three species sampled in the Sea 
of Cortez (Bryde’s whale, long-beaked common dolphin and killer whale) showed higher 
basal activity of MICA with respect to all Mediterranean specimens, regardless of the  
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���������  Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale (B.e), long-beaked common dolphin (D.c.), killer whale (O .o.), sperm whale (P.m.), bottlenose 
dolphin (T.t.), striped dolphin (S.c.) and fin whale (B.p.). 

species and the fact that they were sampled free-ranging or found stranded alive and then 
died. Moreover, the basal activity of MICA in the three Mexican species seems to be related 
to their different diet, with an increasing acti vity with the increase of the trophic level. 
Bryde’s whale is not strictly pl anktophagus as is the fin whale in the Mediterranean, feeding 
mainly on blue fish. So this species in the food chain is definitely closer to long-beaked 
common dolphin and the other toothed whales in  this study than to the other mysticete 
species. The free-ranging specimen of sperm whale sampled in the surrounding water of 
Asinara Island (Mediterranean Sea) showed a basal activity very similar to that showed by 
the striped dolphin, but lower than the other species sampled in the Mediterranean Sea 
(bottlenose dolphin and fin whale).  

This sharp distinction between the activity of MICA found in the Sea of Cortez and 
Mediterranean Sea specimens is probably the most important result to be highlighted: it 
seems that the environment in which specimens live and, therefore, the anthropogenic stress 
to which they are subjected are determinant in the response of this protein. In the light of 
this result we can hazard the conclusion that the lower the anth ropic stress of the specimens, 
the higher the basal activity of MICA. Re garding the Mediterranean species, the two 
stranded specimens (striped dolphin RT23 and fin whale RT25), were both affected by 
morbillivirus; it would be very interesting to know the basal activity in the same species 
sampled free-ranging, to understand whether in  case of immunosuppression the activity of 
MICA increases or decreases. To assess whether MICA increases or decreases, because of the 
presence of an inducer or a repressor of the immune system, we treated fibroblast cell 
cultures with cyclosporine A (CsA), a drug that belongs to the category of 
immunosuppressants, and with �†-glucan, a polysaccharide known to increase the response 
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of the immune system. The results of each specimen whose cells were treated with the two 
compounds are showed in Table 7.  
 

Killer whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 

BA 98 195378 151675 42646 592187 162020 46176 

Inducer 151 189172 202628 50932 350323 109320 30320 

Repressor 
0.8µg/ml 

135 106656 86680 46865 248599 61607 19481 

Repressor 
80µg/ml 

79 279350 250709 20631 636284 174779 50454.4 

Bottlenose dolphin 

 n° cells Mean Median Minimum Maximum S.D. S.E. 

BA 87 31473 30832 26302 39107 4196.4 1713.2 

Inducer 72 19230 19319 9871 44949 10153 3210 

Repressor 
0.8µg/ml 

66 21673 19480 19637 55989 13259 4193 

Repressor 
80µg/ml 

71 20647 17264 10492 56499 13536 4280 

Striped dolphin  

 n° cells Mean Median Minimum Maximum S.D. S.E. 

BA 75 18511 17896 8825 42083 9254 3055 

Inducer 76 17606 18690 8556 26951 5977 1890 

Repressor 
0.8µg/ml 

69 20677 124525 41662 329043 13440 4250 

Repressor 
80µg/ml 

All cell death 

Fin whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 

BA 114 31325 25172 18459 63324 16085 5086 

Inducer 244 17409 17867 9673 23938 4270 1350 

Repressor 
0.8µg/ml 

78 28304 29231 13275 37051 69853 21061 

Repressor 
80µg/ml 

35 19031 18254 7299 56686 14102 4252 

��������  Descriptive statistics of immunofluorescence per cell (AUF/nucleus) of MICA revealed in 
cultured fibroblasts of Bryde’s whale (MBE3), striped dolphin (RT 23), bottlenose dolphin (TTA1), and 
killer whale (OO12) treated with the inducer  (�†-glucan) and the repressor (Cyclosporine A). BA 
represents the blank (cultured fibroblasts treated only with primary and secondary antibodies). 

In all cases, with the exception of fibroblasts of killer whale treated with the highest dose of 
repressor and fibroblasts of striped dolphin treated with the lower dose of repressor 
(highlighted in dark grey), we  can see a decrease of the response of the MICA compared to 
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of the immune system. The results of each specimen whose cells were treated with the two 
compounds are showed in Table 7.  
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Repressor 
0.8µg/ml 
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Repressor 
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Repressor 
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��������  Descriptive statistics of immunofluorescence per cell (AUF/nucleus) of MICA revealed in 
cultured fibroblasts of Bryde’s whale (MBE3), striped dolphin (RT 23), bottlenose dolphin (TTA1), and 
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In all cases, with the exception of fibroblasts of killer whale treated with the highest dose of 
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(highlighted in dark grey), we  can see a decrease of the response of the MICA compared to 
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the basal activity. After the treatment with th ese doses, it therefore remains difficult to 
understand the response of MICA which we must expected from a toxicological stress. 
Probably the choice of the two compounds, know n to have such capabilities in relation to 
the immune system but not specifically in respect to MICA, should be reassessed. 

7.2. MICA in different species after treatment with OC mixture 

From Table 8 it appears evident that the carrier of OC mixture (DMSO) confounds the 
evaluation of the responses of the cells to the treatments, as previously demonstrated in 
other studies [15, 43].  
 

MICA 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 µg/ml 5 µg/ml 25 µg/ml 

MBE3 (Bryde’s whale) 100 100 174 62 / / 

MDC12 (long-beaked common 
dolphin)  

100 104 98 29 / / 

MOO12 (killer whale) 100 31 25 26 47 22 

PMAS1 (sperm whale) 100 137 94 291 2523 11195 

RT23 (striped dolphin) 100 53 N.C. 59 54 N.C. 

RT25 (fin whale) 100 119 96 100 120 69 

��������  Mean values of immunofluorescence of MICA re vealed in cultured fi broblasts of different 
species treated with OC mixture. The immunofluore scence is expressed in index numbers respect to 
solvent control. Different colour of box is r elated to different increase of this protein. 

 
���������  A-C: Immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of sperm whale 
(PMAS1).DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments (A); Nonane and three flame retardant treatments (B) and Acetone and three PAH 
treatments (C). 
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Only the sperm whale demonstrated a clear inductive effect on MICA due to OCs, 
compared to DMSO (Figure 8A). In fibroblast s of killer whale (MOO12) and striped dolphin 
(RT23) no dose caused an increase of the MICA with respect to the carrier (DMSO). A dose 
dependent induction of MICA was present in sperm whale (PMAS1), a bell-shaped response 
was present in Bryde’s whale (MBE3) and in long-beaked common dolphin (MDC12) while 
discontinuous induction response was showed by fin whale (RT25).     

7.3. MICA in different species after treatment with Flame Retardants 

In the Table 9 are reported the results of the mean levels of immunofluorescence of MICA, 
revealed in cultured fibroblasts of differen t species treated with the flame retardants, 
expressed as index numbers.  
 

MICA 
Nonane 

0.01µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

MBE3 (Bryde’s whale) 100 49 35 55 

MDC12 (long-beaked common dolphin) 100 69 96 209 

MOO12 (killer whale) 100 66 54 96 

PMAS1 (sperm whale) 100 102 74 102 

RT23 (striped dolphin) 100 103 132 107 

RT25 (fin whale) 100 101 134 120 

��������  Mean values of immunofluorescence of MICA re vealed in cultured fi broblasts of different 
species treated with flame retardants. The immunofl uorescence is expressed in index numbers respect 
to solvent control. Different colour of box is related to different increase of this protein.  

In striped dolphin (RT23) and fin whale (RT25) the highest response of MICA was related to 
flame retardants, with a bell-shaped response in both species. Discontinuous induction 
response is shown by sperm whale (PMAS1) (Figure 8B) and long-beaked common dolphin 
(MDC12), while  Bryde’s whale (MBE3) and killer whale (MOO12) showed no induction 
response. 

7.4. MICA in different species after treatment with PAHs 

In Table 10 are reported the results of the mean levels of immunofluorescence of MICA, 
revealed in cultured fibroblasts of different  species treated with the PAHs, expressed as 
index numbers.  
 

MICA 
Acetone 

0.1% 
Dose C Dose B Dose A 

MDC12 (long-beaked common dolphin) 100 68 93 55 

PMAS1 (sperm whale) 100 101 181 189 

���������  Mean values of immunofluorescence of MICA re vealed in cultured fi broblasts of different 
species treated with PAHs. The immunofluorescence is expressed in index numbers respect to solvent 
control. Different colour of box is relate d to different increase of this protein.  
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treatments (A); Nonane and three flame retardant treatments (B) and Acetone and three PAH 
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In striped dolphin (RT23) and fin whale (RT25) the highest response of MICA was related to 
flame retardants, with a bell-shaped response in both species. Discontinuous induction 
response is shown by sperm whale (PMAS1) (Figure 8B) and long-beaked common dolphin 
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Only two species, the long-beaked common dolphin (MDC12) and the sperm whale 
(PMAS1) were treated with PAHs. However, even with this treatment, there is a significant 
dose/response type increase in the level of MICA in the sp erm whale (PMAS1) (Figure 8C). 
Long-beaked common dolphin (MDC12) showed no induction response.  

7.5. MICA in different species after treatment with BPA 

Table 11 shows the results of the mean levels of immunofluorescence of MICA, revealed in 
cultured fibroblasts of different species treated with the BPA, expressed as index numbers.  
 

MICA 
Ethanol 

0.1%
0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

RT23 (striped dolphin)  100 84 99 85 D.C. 

RT25 (fin whale)  100 62 68 153 D.C. 

���������  Mean values of immunofluorescence of MICA re vealed in cultured fi broblasts of different 
species treated with BPA. The immunofluorescence is expressed in index numbers respect to solvent 
control. Different colour of box is relate d to different increase of this protein. 

The results showed that the higher dose caused the death of all cells, thus focusing all its 
toxicity. Only fin whale (RT25) fibroblasts had an inductive phenomen on with respect to 
solvent control.  

8. Presence of DNA damage by comet assay as genotoxicity biomarker 

We treated fibroblast cells with three different doses of a mixture of benzo(a)pyrene and 
beta-naphthoflavone for 4 h. The viability of fibrob last cells, assessed by the trypan blue test, 
was very high in control (>95%) and slightly decreased following the different treatments. 
We analysed DNA damage by the Comet assay. The principle of the Comet assay is that 
smaller DNA molecules migrate faster in an electric field than larger molecules. The treated 
cells are encapsulated in gel and lysed by alkali, which also denatures the DNA. Subsequent 
electrophoresis causes migration of the DNA. While the undamaged DNA appears as a 
“head”, fragmented DNA move faster, giving th e characteristic appearance of a comet tail. 
Figure 9 shows four normal cells at increasing degree of damaged DNA. 

The cells were processed at different conditions of electrophoresis, to evaluate different types 
of strand breaks. Varying the pH during lysis and electrophoresis effects the type of strand 
breaks expressed. When cells are lysed and subjected to electrophoresis under neutral 
conditions (pH 8) only double strand breaks were detected. Under pH 12.1 conditions the 
double and single strand breaks were detected while under pH > 13 conditions the double 
strand breaks, single strand breaks and alkali labile lesions were detected [44].  

The results of Comet assay evaluated in cells processed at pH 12.1 are shown in Figure 10. 
An increase of DNA migration was observed in fibroblasts exposed for 4 h at doses C and B, 
while a slight decrease was observed at dose A in comparison to the control. The acetone, 
used as carrier for benzo(a)pyrene and beta-naphthoflavone exposure, showed DNA 
fragmentation values very similar to the control. 
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���������  A photomicrograph of fibroblast cells of stri ped dolphin processed for the DNA comet assay. 
Four normal cells at increasing degree of damaged DNA: normal DNA, low-level DNA damage, DNA 
with a long tail, DNA almost completely fragmented.   

The highest DNA fragmentation was observed at dose C and decreasing DNA tail values 
were observed from dose C to dose A. The results of the Comet assay evaluated in striped 
dolphin  fibroblast cells processed at three different pHs showed a similar trend (Table 12), 
although the trend was more evident for the pH  12.1. Our results, although preliminary, 
suggest that alkaline Comet assay (pH 12.1) is the optimal version capable of detecting the 
DNA damage in fibroblast cells for future analysis. 
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double and single strand breaks were detected while under pH > 13 conditions the double 
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The results of Comet assay evaluated in cells processed at pH 12.1 are shown in Figure 10. 
An increase of DNA migration was observed in fibroblasts exposed for 4 h at doses C and B, 
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���������  A photomicrograph of fibroblast cells of stri ped dolphin processed for the DNA comet assay. 
Four normal cells at increasing degree of damaged DNA: normal DNA, low-level DNA damage, DNA 
with a long tail, DNA almost completely fragmented.   

The highest DNA fragmentation was observed at dose C and decreasing DNA tail values 
were observed from dose C to dose A. The results of the Comet assay evaluated in striped 
dolphin  fibroblast cells processed at three different pHs showed a similar trend (Table 12), 
although the trend was more evident for the pH  12.1. Our results, although preliminary, 
suggest that alkaline Comet assay (pH 12.1) is the optimal version capable of detecting the 
DNA damage in fibroblast cells for future analysis. 
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Electrophoresis 
condition 

Tail DNA %
Dose C Dose B Dose A 

pH 8 30.91 19.68 24.8 
pH 12.1 30.98 24.88 17.25 
pH 13 35.09 27.54 25.71 

���������  DNA migration evaluated in fibroblast cells of striped dolphin at three different pH 
conditions.  

 
����������  Effects of different doses of the mixture benzo(a)pyrene and beta-naphthoflavone at three 
doses (C = (0.5�•M BaP + 10�•M BnF), B = (2.5�•M BaP + 50�•M BnF) and A = (12.5�•M BaP + 250�•M BnF)) 
exposure on the DNA integrity of striped dolphin fibroblast cells after 4 h exposure. 

The induction of DNA fragmentation was higher at the lowest dose (Dose C), while 
decreased at higher doses (Dose B and A), a result in contrast to other studies on cell 
mammal cultures [45, 46]. These investigations have demonstrated that an increase in the 
percentage of DNA in the tail region of the comets occurred in a concentration-dependent 
manner after exposure to different classes of genotoxic compounds, such as PAHs, methyl 
methanesulfonate (MMS) and H2O2. Our earlier Comet assay data on dolphin fibroblast cells 
exposed to benzo(a)pyrene are in agreement with the bibliography da ta. Thus, the decrease 
observed in our present data could be probably due to the action of the beta-
naphthoflavone. This hypothesis  is consistent with Gravato et al. [47] who demonstrated a 
decrease of DNA damage after exposure of specimens of Anguilla anguilla to beta-
naphthoflavone. However, further studies are n eeded to confirm the genotoxic potential of 
mixture of PAHs for cetacean fibroblasts and investigate the potential genotoxicity of other 
classes of contaminants. 

9. Conclusion 

The aim of the present study was to propose cetacean fibroblast cell cultures as an "in vitro" 
method, called “Test Tube Cetaceans”, to investigate effects of environmental contaminants 

“Test Tube Cetaceans”: From the Evaluation of Susceptibility to the Study of 
Genotoxic Effects of Different Environmental Co ntaminants Using Cetacean Fibroblast Cell Cultures 71 

in these marine mammals. The data reported in this chapter confirm that the use of Test 
Tube Cetaceans is a good non destructive surrogate of “in vivo” cetacean test (killing) to 
evaluate the different hazards of cetaceans to pollution.  

Regarding the toxicological susceptibility to some xenobiotic compounds and to PAHs, the 
main results showed that the basal level of CYP1A1 and CYP2B of different cetacean species 
is very dissimilar and this seems to be especially species-specific rather than related to the 
geographic range, diet, toxicological status, etc. in which the specimens were found. All 
pollutants, at different level depending on the species and of the dose of treatment, showed 
an inductive capacity of these cytochromes. At times the response was dose dependent, 
other was bell-shaped response and other was a discontinuous induction response.     

The qualitative and quantitative MICA protein expression as toxicological stress marker of 
the immune system showed that the three species sampled in the Sea of Cortez (Bryde’s 
whale, long-beaked common dolphin and killer whale) showed higher basal level of MICA 
in respect to all Mediterranean specimens, regardless of the species and the fact that they 
were sampled free-ranging or found stranded alive and then died. This sharp distinction 
between the activity of MICA found in the Se a of Cortez and Mediterranean Sea specimens 
is probably the most important result to be highlighted: it seems that the environment in 
which specimens live and, therefore, the anthropogenic stress to which they are subjected, 
are determinant in the response of this protein of the immune system. In the light of this 
result we can hazard the conclusion that the lower the anthropic stress of the specimens, the 
higher is the basal level of MICA.  

The Comet assay proved to be a very useful tool for assessing the potential genotoxicity of 
PAHs in cetacean fibroblast cell cultures. Future investigations will be conducted to 
investigate the genotoxic effects of different classes of contaminants in striped dolphin and 
other cetacean species. This technique led to the evaluation of possible DNA damage in 
species never studied before in this field, in order to investigate the different susceptibility 
to various contaminants, using fibroblast cell cultures. 

In conclusion, “Test Tube Cetaceans” can be proposed to the scientific community as the “in 
vitro” method used to replace the "scientific whaling" to study the toxicological threats of 
different species of cetaceans, primarily of endangered species such as fin whale and 
Mediterranean common dolphin, since the research priorities is the conservation for the 
maintenance of cetacean biodiversity. 
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1. Introduction 

Bioaccumulation of persistent organic pollutan ts (POPs) represents a risk to the marine 
environment and wildlife, including marine mamma ls and birds [1-4]. Biomagnification is a 
special case of bioaccumulation and is defined as the process by which concentrations of 
contaminants or chemical substances (i.e. thermodynamic activities of chemical substances 
often measured by the lipid normalized concentr ation) in consumer and higher trophic level 
organisms exceed those concentrations in the diet or organism’s prey [5-7]. This process can 
occur at each step in a food chain, potentially producing very high and toxic concentrations 
in upper-trophic-level species [7]. 

Bioaccumulation and biomagnification are impo rtant considerations in the categorization 
and risk assessment of chemical compounds under the treaty of the Stockholm Convention 
for POPs and regulatory and management efforts in several nations such as the Canadian 
Environmental Protection Act Canada (CEPA [8 ]), the Toxic Substances Control Act (TSCA 
[9]) in the United States and the Registration, Evaluation, Authorisation and Restriction of 
Chemicals program (REACH) in the European countries [10]. Due to the long-range 
atmospheric transport and global fractioning of  POPs northward from low or mid latitudes 
[11, 12], the Arctic and northern hemisphere have remained as active regions of research to 
study biomagnification of POPs in trophic chai ns and food webs [2, 13-15]. However, very 
little is known about the bioaccumulative behaviou r and fate of these substances in tropical 
zones of the planet. 
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1. Introduction 
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environment and wildlife, including marine mamma ls and birds [1-4]. Biomagnification is a 
special case of bioaccumulation and is defined as the process by which concentrations of 
contaminants or chemical substances (i.e. thermodynamic activities of chemical substances 
often measured by the lipid normalized concentr ation) in consumer and higher trophic level 
organisms exceed those concentrations in the diet or organism’s prey [5-7]. This process can 
occur at each step in a food chain, potentially producing very high and toxic concentrations 
in upper-trophic-level species [7]. 

Bioaccumulation and biomagnification are impo rtant considerations in the categorization 
and risk assessment of chemical compounds under the treaty of the Stockholm Convention 
for POPs and regulatory and management efforts in several nations such as the Canadian 
Environmental Protection Act Canada (CEPA [8 ]), the Toxic Substances Control Act (TSCA 
[9]) in the United States and the Registration, Evaluation, Authorisation and Restriction of 
Chemicals program (REACH) in the European countries [10]. Due to the long-range 
atmospheric transport and global fractioning of  POPs northward from low or mid latitudes 
[11, 12], the Arctic and northern hemisphere have remained as active regions of research to 
study biomagnification of POPs in trophic chai ns and food webs [2, 13-15]. However, very 
little is known about the bioaccumulative behaviou r and fate of these substances in tropical 
zones of the planet. 
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There are several measures that have been used to express the degree of biomagnification. 
The simplest measure is the Biomagnification Factor (BMF), which is described as the ratio 
of the chemical concentrations in the organism (CB) and the diet of the organism (CD), i.e., 
BMF = CB/CD, where the chemical are usually expressed in units of mass of chemical per kg 
of the organism (in wet weight or in a lipid basis) and mass chemical per kg of food (in wet 
weight or in a lipid basis) [6]. Biomagnifi cation of organic contaminants and foraging 
preferences in aquatic and marine food webs can also be investigated using stable nitrogen 
isotope as biomarkers of trophic level [15-20]. Stable isotope analysis (SIA) has emerged as a 
tool in foraging ecology/habitat use, physiolo gy and ecotoxicology, and is applied widely to 
study marine mammal ecology [21]. Stable nitrogen isotope analysis is a known well 
established technique for assessing predator–prey interactions and organism trophic levels 
(TL) in food webs [22-25]. Specifically,� 1̂5N, the concentration ratio of 15N/14N, expressed 
relative to a standard (i.e., atmospheric N2), has been shown to increase with increasing 
trophic level due to the preferential excretion of the lighter nitrogen isotope [26]. Likewise, 
carbon isotope signatures (� 1̂3C) provide information on habitat use and general sources of 
diet of organisms, i.e., marine/freshwater, coastal/oceanic, pelagic/benthic [27]. 

Studies of the biomagnification and food web tr ansport of POPs in tropical systems such as 
remote islands around the equatorial Pacific Ocean are lacking. Due to the remoteness and 
isolation of the Galapagos Islands relative to other better studied geographical areas, the 
Galapagos Island food web offers a unique opportunity to undertake research related to the 
transport, bioaccumulative nature and biomagnification of globally distributed 
contaminants in tropical environments at th e ecosystem level. The low population levels 
and generally good environmental control and management practices on the islands ensures 
that local pollutant sources are in most cases insignificant compared to global sources. These 
conditions provide a unique mesocosm to study the behaviour of global pollutants in 
marine mammalian food-chains.  

The Galapagos sea lion(Zalophus wollebaeki) is an endemic marine mammal residing year 
round in the islands and exhibiting a high de gree of dietary plasticity, consuming several 
groups of fish prey (99% of the diet). The Galapagos sea lion diet includes Cupleidae (thread 
herrings and sardines), Engraulidae (anchovies), Carangidae (bigeye scads), Serranidae 
(groupers, whitespotted sand bass or camotillo), Myctophidae (lantern fishes), Mugilidae 
(mullets) and Chlorophtalmidae fishes, and a lo w proportion of squid, as reported in the 
existing literature [28-31]. Alth ough the information about diet and trophic level is limited 
for sea lions at several rookeries in the Galapagos Islands, it is known that the dietary 
preferences of Galapagos sea lions are also a function of the local variation in prey 
availability and regional climate-oceanic vari ability such as the El Niño events, when sea 
lions can switch their diet composition to more abundant fish items [30, 32, 33]. The 
Galapagos sea lion has been recognized as a key species for the functioning and health of the 
marine ecosystem of the islands under the environmental management action plan of the 
Galapagos Marine Reserve (GMR) [33]. Because of its high trophic position, relative 
abundance in the islands and non-migratory behaviour, Galapagos sea lions can serve as 
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local sentinels of food web contamination [33-35]. Concentrations of polychlorinated 
biphenyls (PCBs) and dichlorodi phenyltrichloroethane (DDT) were recently detected in this 
species, underlying the health risk due to the toxicity and bi oaccumulation potential of these 
contaminants in the Galapagos food web [34, 35]. Thus, equivalent to the role of killer 
whales as global sentinels of pollution in the Northeastern Pacific [1], the Galapagos sea lion 
can be used as an eco-marker of environmental pollution and a key indicator of not only the 
coastal marine health, but the public health in the region. 

With the aim to contribute to the understanding of the behaviour and fate of POPs in marine 
food webs of tropical regions, this chapter provides an advanced primer on 
biomagnification assessment of POPs in the Galapagos Islands based on the existing 
literature on baseline levels of DDT detected in Galapagos sea lions [35] and recent 
unpublished data on organochlorine pesticides (i.e. mirex, dieldrin, chlordanes, �†-HCH) and 
PCBs in Galapagos sea lions and fish preys. To accomplish this work, we made use of 
concentration data measured in Galapagos sea lions and their fish prey and determination 
of predator-prey biomagnification factors to asse ss biomagnification in this tropical system. 
Insights on the impact of biomagnification and conservation and management implications 
at the ecosystem level in the Galapagos are discussed. 

2. Materials and methods 

2.1. Tissue collection from Galapagos sea lion pups 

In a recent study [35], blubber biopsy and hair samples of 20 Galapagos sea lion pups of 2–
12 months of age were obtained from four rookeries in the Galapagos Archipelago (3°N�º4°S, 
87°�º94°W) between 24-29March 2008. Briefly, pups were sampled at Isabela (Loberia Chica, 
n = 5), Floreana, (Loberia, n =6) and Santa Cristobal (Puerto Baquerizo, n = 4; Isla Lobos, n = 
5) islands. Pups were captured with hoop nets and manually restrained. Age was estimated 
by visual observation of both the size and weight of the animal. In all circumstances, capture 
stress and holding time were minimized (< 10-15 min). Hair samples were obtained using a 
sterile scissor to trim or a scalpel to shave the region to be used prior to the biopsy collection 
and deposited into labelled zipper bags. Biopsies (100 mg; 6mm�ºMiltex biopsy punch) were 
collected from an area 10-20 cm lateral to the spinal column and anterior to the pelvis. The 
biopsy site was pre-cleaned with alcohol and betadine. Biopsies were wrapped in hexane-
rinsed aluminum foil and placed in a cooler with wet ice and transferred into cryovals 
placed in a cryoship (-20°C) during the fiel d sampling, and, afterwards stored at -80�qC in the 
laboratory until chemical analysis.  

Pups were chosen because (a) the animals are readily accessible and relatively easy to 
capture in most of the rookeries of the Galapagos Islands year round; (b) the animals are of 
similar age (3-10 months), minimizing the influence of life history parameters on 
contaminant concentrations; (c) because they are nursed by adult repr oductive females they 
have a high trophic position because they are feeding on mother’s milk, ingesting energy 
and pollutants and analogous to a predator–prey relationship [35]. The rationale of the 
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study design to justify the use of pups as ecosystem based sentinels of biomagnification is 
also explained in Figure 1. 
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���������  Conceptual model illustrating the bioaccumulation  process in a representative, food chain of 
the Galapagos sea lion. Piscivorous Galapagos sea lions can be exposed to persistent organic pollutants 
(POPs), mainly through dietary ingestion. Low trophic level prey fish can absorb POPs from water and 
plankton (planktivorous fish), as well as from sediments (detritivorous fish). Nursing pups can 
bioaccumulate POPs from adult females by nursing and thus occupy a higher tropic level relative to 
their mothers because�1̂5N isotopic enrichment.  

2.2. Fish collection and homogenization 

Two species of fish (mullets, Mugil curema; n = 11; and, Galapagos thread herrings, 
Ophistonema berlangai; n = 4), which for the purpose of this study were assumed to be major 
prey items of Galapagos sea lions, were collected from Galapagos waters by fishers during 
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March-April 2008. Mullets are coastal fish, i nhabiting nearshore habitats, and demersal-
benthic feeders (detritivorous), grazing on detritus and bottom sediments and digesting the 
nutritive matter (iliophagous foraging), while Galapagos thread herrings are endemic, 
pelagic and schooling fishes that filter-feed (planktivorous) mainly on tiny planktonic 
organisms (e.g., phytoplankton) in open waters [36].  

After field collection, fish specimens were frozen until further transportation to the lab, 
where they were stored at -80ºC. Each fish was measured, weighed and sexed. Muscle 
biopsies were extracted from the dorsal, lateral muscle of each fish, using a 6mm–biopsy 
punch (Accuderm, USA), and saved in vi als for stable isotope analysis.  

Each individual fish was homogenized using a clean, hexane-acetone rinsed meat grinder 
(Omcam Inc., Italy). The ground fish was then further homogenized in a homogenizer 
(Omni, USA and/or Polytron, Kinematica, GmbH , Switzerland) at dial position 5-6 for �¿1 
min until material was well mixed and homoge nous in appearance. Homogenized samples 
and subsamples were transferred to clean glass jars and stored at -80 ºC until further 
chemical analysis.  

2.3. Sample preparation for Stable Isotopes Analysis (SIA) 

Each set of hair samples collected from Galapagos sea lion pups was cleaned for lipid and 
particle removal by washing the hair thr ee times with a chloroform:methanol 2:1 v/v 
solution using a clean Pasteur glass pipette. Samples were transferred into labelled 
scintillation vials and desiccated overnight, and, then, lyophilized using a freeze drier (Free 
Zone ® Plus 4.5 Liter Cascade; Labconco, Kansas City, MO) for 24 hr (Vacuum pressure set 
point: 0.01 mBar). 

Fish biopsy samples were freeze dried overnight (Vacuum pressure set point: 0.01 mBar). 
Biopsy samples were weighed and freeze dried again to determine if there were differences 
in weights after the second freeze drying. Once the sample weight was constant (i.e., no 
remaining moisture), one set of freeze dried samples was stored in the desiccator until 
further analysis for � 1̂5N. The set of freeze dried replicates underwent an extraction protocol 
to remove lipids to be used for �ˆ13C analysis. First, freeze dried samples were pulverized 
using a mortar and transferred into a glass tube for lipid extraction by adding 5ml of 
chloroform:methanol 2:1 v/v; and, then vortex mixed for 30 seconds. Solids were dispersed 
with sonification in bath sonicator for 10 min.  Samples were allowed to settle for 30 min at 
room temperature, followed by an additional  30 second vortex and sonification. Samples 
were centrifuged for 5 minutes at 1000 rpm (model GS6R, Beckman, USA) to enhance pellet 
formation. The solvent was carefully remove d with glass Pasteur pipette (pipette was 
changed for each sample), without transferring  any particulate matter, and the solvent was 
disposed in the waste bottle. A second extraction was repeated. The supernatant was 
carefully removed with pipette and the residue was left at -20ºC overnight. Samples were 
dried under Nitrogen and transferred to a clean, amber vial for analysis of stable isotopes of 
carbon and nitrogen. 
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2.4. Stable Isotopes Analysis (SIA) 

Carbon and nitrogen isotopic analyses on fish biopsies and Galapagos sea lion hair were 
accomplished by continuous flow, isotopic ratio mass spectrometry (CF-IRMS) using a GV-
Instruments® IsoPrime attached to a peripheral, temperature-controlled, EuroVector® 
elemental analyzer (EA) (University of Wi nnipeg Isotope Laboratory, UWIL). One-mg 
samples were loaded into tin capsules and placed in the EA auto-sampler along with 
internally calibrated carbon/nitrogen standa rds. Nitrogen and carbon isotope results are 
expressed using standard delta (� )̂ notation in units of per mil (‰).The delta values of 
carbon (� 1̂3C) and nitrogen (� 1̂5N) represent deviations from a standard. � 1̂5N isotope ratios 
(‰) were determined using the following equation [21,26]: 

� 1̂5N = [(15N/14NSAMPLE/15N/14NSTANDARD) – 1] x 1000 

where 15N/14NSAMPLE is the isotope ratio of the tissue sample analyzed; and, 15N/14NSTANDARD  
represents the ratio of the international standard of atmospheric N2 (air), IAEA-N-1 (IAEA, 
Vienna), for �ˆ15N. The equivalent equation for � 1̂3C isotope ratios (‰) is: 

� 1̂3C = [(13C/12CSAMPLE/13C/12CSTANDARD) – 1] x 1000 

The standard used for carbon isotopic analyses was the Vienna PeeDee Belemnite (VPDB). 
Analytical precision, determined from the an alysis of duplicate samples, was ±0.13‰ for 
� 1̂3C and ±0.6‰ for � 1̂5N. The analytical precision based on standards, which are more 
isotopically homogeneous than samples, was ± 0.19‰ for � 1̂3C and ±0.24 for � 1̂5N. 

2.5. Trophic level estimations 

The trophic positions (TPCONSUMER) of the prey species (i.e. fish) and the predator (Galapagos 
sea lion) were determined relative to the baseline � 1̂5N (assumed to occupy a trophic level 2), 
using the following algorithm [37, 38]: 

�� ��15 15�ˆ - �ˆ
= + 2

3.4

CONSUMER BASELINE

CONSUMER

N N
TP  

Where � 1̂5NCONSUMER is the average � 1̂5N signature value of the predator; � 1̂5NBASELINE is the 
� 1̂5N signature at the base of the food web; and 3.4‰ is the isotopic, trophic level 
enrichment factor ( �Ê15N), recommended to be used for constructing food webs when a 
priori knowledge of �Ê15N is unavailable [39]. The � 1̂5NBASELINE was established as the � 1̂5N 
signature of the particulate organic matter (POM) of bottom sediments in the eastern 
equatorial Pacific Ocean (250 km south of the islands) with a value of 5.5‰ [31, 40], which 
is relatively close to the � 1̂5N value of 7.3‰, reported recently for phytoplankton in the 
Galapagos [30]. The rationale for using this signature is supported by the fact that the 
assimilation of nitrogen (i.e., NO 3¯) up taken from near surface marine waters by 
phytoplankton is reflected by � 1̂5N values of POM, which is also a major component of the 
carbon flux and sediments [40]. 
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Although pups instead of adul t individual sea lions were sampled in this study, the � 1̂5N 
signature in the pup is expected to reflect the isotopic nitrogen signature of the mother, as 
pups feed only on mothers’  tissue (i.e., milk proteins) analogous to a predator-prey 
relationship, resulting in a � 1̂5N isototipc enrichment of 2.1‰ and 0.9‰ � 1̂3C enrichment in 
relation to adult females [41, 42]. Because of lactation, pups can be at a higher trophic level 
than their mothers (Figure 1). However, the � 1̂5N signature in the pups can provide useful 
information about the foraging habits (i.e ., diet) of adult female animals [43].  

2.6. Sample preparation for chemical analysis 

Contaminant analyses were conducted in the Regional Dioxin Laboratory (RDL) at the 
Institute of Ocean Sciences (IOS), Fisheries and Ocean Canada (DFO), based on analytical 
methodologies described elsewhere [44]. In brief, the muscle-blubber biopsy samples of 
Galapagos sea lion pups (0.053 to 0.212 g wet weight) and subsamples of fish homogenate 
(9.23 to 10.5 g) were spiked with a mixture of surrogate internal standards which contained 
all fifteen 13C12-labeled PCBs, and a mixture of labelled organochlorine pesticides (OCPs): 
D3 1,2,4-Trichlorobenzene, 13C6 1,2,3,4 Tetrachlorobenzene, 13C6 Hexachlorobenzene, 
13C6�� -HCH, 13C6�� -HCH, 13C10 trans Nonachlor, 13C12 TeCB-47, 13C12p,p’-DDE, 13C12 
Dieldrin, 13C12o,p-DDD, 13C12p,p’-DDD, 13C12o,p-DDT, 13C12p,p’-DDT, 13C10 Mirex. All 
surrogate internal standard s were purchased from Cambridge Isotope Laboratories 
(Andover, MA). The spiked samples were homogenized with Na 2SO4 in a mortar, 
transferred quantitatively into  an extraction column, and extracted with DCM/hexane (1:1 
v/v). For some of the samples the extract formed two layers/phases, a waxy-precipitate 
layer and the solvent layer. The solvent layer was transferred to a clean flask and the 
waxy precipitate was treated with several aliq uots of hexane and DCM. Each of these was 
transferred to the flask that contained the solvent layer of the extract. Despite the 
treatment with additional volumes of hexane  and DCM, vortexing and pulverization, the 
waxy precipitate (for sea lions) did not dissol ved in the solvents used and as a result it 
was not included in the corresponding samp le extract that was used for lipid and 
contaminants determinations.The DCM:Hexane sample extracts were evaporated to 
dryness and the residue was weighted in order to determine the total lipid in the samples. 
Subsequently the residue was re-suspended in 1:1 DCM/Hexane and divided 
quantitatively into two aliquots. The larger aliquot (75% of the extract) was subjected to 
sample-cleanup for PCBs determinations. The remaining (25% of the extract) was used for 
OCP determinations. 

2.7. PCB and OC pesticides analyses 

Sample extracts were analyzed for PCB congeners and target OCPs by gas 
chromatography/high-resolution mass spectromet ry (GC/HRMS). The specific methodology 
and protocols for the quantifica tion and analytical methods to determine PCB congeners 
and OCPs have previously been reported in prior published papers (34, 35).  
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2.8. Quality assurance/quality control measures  

The mass spectrometry conditions used for all the analyses, the composition of the linearity 
calibration solutions, the criteria used for cong ener identification and quantification and the 
quality assurance – quality control procedures used for the quantificati on of PCBs and OCPs 
followed those described in detail elsewhere [34, 35, 44]. 

2.9. Bioaccumulation parameter 

In general, the biomagnification of contaminants is basically  quantified as the 
biomagnification factor in term s of the concentration of a given chemical in the consumer or 
predator relative to the concentratio n in the diet or prey (i.e. BMF= CB/CD, where CB is the 
chemical concentration in the organism and CD is the chemical concentration of the diet). To 
quantify biomagnification in the Galapagos sea lions relative to prey items (i.e., thread 
herring and mullet) and to explore the effect of  the magnitude of trophic level differences on 
the BMF measures, the predator-prey biomagnification factor (BMF  TL) was used for data 
interpretation in this study.Th e criterion applied to indicate th e capability of the chemical to 
biomagnify was a BMF > 1. A BMF statistically greater than 1 indicates that the chemical is a 
probable bioaccumulative substance [7]. 

2.9.1. Predator-prey Biomagnification Factor (BMF TL) 

Following this approach, the mean lipid norm alized concentration of each contaminant 
measured in Galapagos sea lion pups was divided by the mean lipid adjusted concentration 
in the prey. Then, the biomagnification factor can be adjusted to represent exactly one 
trophic level in difference using the trophic level estimated from � 1̂5N. Therefore, the field 
based predator-prey biomagnification factor  normalized to trophic position or BMF TROPHIC 

LEVEL (BMFTL) is calculated using the following equation [15]: 

PREDATOR PREY

PREDATOR PREY
TL =

-
(C / C )BMF
TL TL  

Where Cpredator and Cprey are chemical concentrations in the predator and prey, expressed in 
units of mass of chemical (�•g) per kg of the predator and mass chemical (�•g) per kg of 
prey in a lipid normalized basis (i.e. BMF LIPID WEIGHT ),and TL predator and TLprey are the 
trophic levels of the predator and prey. The BMF TL values were used to measure 
biomagnification in the tropical food chain be tween two adjacent trophic levels (i.e., the 
difference in TL between predator and pr ey is small), assuming steady state in 
contaminant concentrations between predator and prey. Since BMFTL can be related to the 
trophic magnification factor (TMF), which describes the increase of contaminants from 
one trophic level to the other (derived from th e slope, b, of the relationship between an 
organism’s log lipid normalized chemical concentration), it can also be expressed as 
BMFTL* as proposed by Conder et al. [45]: 
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Where Cpredator and Cprey are appropriately normalized (e .g., lipid normalized) chemical 
concentrations in the predator and prey, and TL predator and TLprey are the trophic levels of 
the predator and prey. In essence, the BMFTL is the biomagnification factor normalized to 
a single trophic level increase in the food-web [45].The use of trophic magnification 
factors (TMFs) is currently an emerging approach to better assess the biomagnification of 
POPs in marine food webs [16]. An important number of studies in the northern 
hemisphere have relied on the use of the TMF for this purpose [15, 16, 18]. Thus, the use 
of TMF coupled with stable isotope analysis (SIA) to track the amplification and transport 
of POPs in food webs is a recommended methodology in eco-toxicology to study the 
biomagnification of POPs. The lack of prey samples and minimal trophic levels required 
(�Ã 3) precluded to undertaking a trophic magn ification factor (TMF) assessment in this 
study. 

2.10. Data treatment and supporting statistical analysis 

Concentrations of all detected POPs were blank corrected using the method detection limit 
(MDL), defined as the mean response of the levels measured in three procedural blanks 
used plus three times the standard deviation (SD) of the blanks (MDL = Meanblanks + 
3*SDblanks). Following this methodology, the conc entration of each PCB congener and OC 
pesticide was determined based on concentrations above the MDL only. Only PCBs detected 
in 100% of samples and above the MDL were used for data analysis and calculations of 
BMFs. Contaminant concentration data were log-transformed to fit the assumption of 
normality criterion before statistical analysis. �Ì PCB concentrations were calculated as the 
sum of PCB-52, PCB 74, PCB 95, PCB-99, PCB-101, PCB-105, PCB-118, PCB 128, PCB -
138/163/164, PCB-146, PCB 153, PCB 156, PCB 174, PCB 180, PCB 183, PCB 187, PCB 201 and 
PCB 202. �Ì DDTs were de��ned as the sum of o, p’-DDE, p, p’-DDE, o, p’-DDD, p, p’-DDD, o, 
p’-DDT and p, p’-DDT, and �Ì chlordanes as the sum of trans-chlordane, cis-chlordane, trans-
nonachlor and cis-nonachlor. 

To further support the analysis of  biomagnification of POPs in the tropical food chain of the 
Galapagos, statistical comparisons between the concentrations of selected PCBs (e.g., PCBs 
153, 180), �Ì DDTs, p,p’-DDE and other organochlorine pesticides measured in the Galapagos 
sea lion and those detected in diet items (i.e., mullet and thread herring) were conducted. 
These comparisons were conducted using analyses of variance (ANOVA) if variances were 
homoscedastic (i.e., equal variances) or Welch’s analyses of variance if variances or standard 
deviations were heteroscedastic (i.e., unequal variances as tested by Levene’s test or Bartlett 
test, p< 0.05), and a Tukey-Kramer honestly significant difference (HSD) test, which is a 
post-hoc method recommended to test differences between pairs of means among groups 
that contain unequal sample sizes [46]. Inter-site comparisons among rookeries samples 
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2.8. Quality assurance/quality control measures  
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in the prey. Then, the biomagnification factor can be adjusted to represent exactly one 
trophic level in difference using the trophic level estimated from � 1̂5N. Therefore, the field 
based predator-prey biomagnification factor  normalized to trophic position or BMF TROPHIC 

LEVEL (BMFTL) is calculated using the following equation [15]: 
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difference in TL between predator and pr ey is small), assuming steady state in 
contaminant concentrations between predator and prey. Since BMFTL can be related to the 
trophic magnification factor (TMF), which describes the increase of contaminants from 
one trophic level to the other (derived from th e slope, b, of the relationship between an 
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of TMF coupled with stable isotope analysis (SIA) to track the amplification and transport 
of POPs in food webs is a recommended methodology in eco-toxicology to study the 
biomagnification of POPs. The lack of prey samples and minimal trophic levels required 
(�Ã 3) precluded to undertaking a trophic magn ification factor (TMF) assessment in this 
study. 

2.10. Data treatment and supporting statistical analysis 

Concentrations of all detected POPs were blank corrected using the method detection limit 
(MDL), defined as the mean response of the levels measured in three procedural blanks 
used plus three times the standard deviation (SD) of the blanks (MDL = Meanblanks + 
3*SDblanks). Following this methodology, the conc entration of each PCB congener and OC 
pesticide was determined based on concentrations above the MDL only. Only PCBs detected 
in 100% of samples and above the MDL were used for data analysis and calculations of 
BMFs. Contaminant concentration data were log-transformed to fit the assumption of 
normality criterion before statistical analysis. �Ì PCB concentrations were calculated as the 
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p’-DDT and p, p’-DDT, and �Ì chlordanes as the sum of trans-chlordane, cis-chlordane, trans-
nonachlor and cis-nonachlor. 

To further support the analysis of  biomagnification of POPs in the tropical food chain of the 
Galapagos, statistical comparisons between the concentrations of selected PCBs (e.g., PCBs 
153, 180), �Ì DDTs, p,p’-DDE and other organochlorine pesticides measured in the Galapagos 
sea lion and those detected in diet items (i.e., mullet and thread herring) were conducted. 
These comparisons were conducted using analyses of variance (ANOVA) if variances were 
homoscedastic (i.e., equal variances) or Welch’s analyses of variance if variances or standard 
deviations were heteroscedastic (i.e., unequal variances as tested by Levene’s test or Bartlett 
test, p< 0.05), and a Tukey-Kramer honestly significant difference (HSD) test, which is a 
post-hoc method recommended to test differences between pairs of means among groups 
that contain unequal sample sizes [46]. Inter-site comparisons among rookeries samples 
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followed the same statistical methods. Statistical comparison tests were conducted at a level 
of significance of p< 0.05 (�… = 0.05). 

Principal Components Analyses (PCAs) were conducted on the fractions of PCBs and 
organochlorine pesticides relative to total concentrations by contaminant group (i.e., 
contaminants expressed as a fraction of total) for each sample to visualize spatial differences 
in patterns in sea lion pups from different sites within the Galapagos Archipelago and 
elucidate potential sources (i.e., local versus global-atmospheric). First, samples with 
undetectable values were replaced by a random number between the lowest and the highest 
concentration that were detectable (> MDL) to account for uncertainty before PCA (i.e., 
trans-chlordane and PCB 110 showed zero values in blanks in three and two samples out of 
20, respectively; therefore; there was not possible to calculate MDLs), or otherwise removed 
from the PCAs. Secondly, samples were normalized to the concentration total before PCA to 
remove artefacts related to concentrations differences between samples. Finally, the centered 
log ratio transformation (division by the geom etric mean of the concentration-normalized 
sample followed by log transformation) was then  applied to this compositional data set to 
produce a data set that was unaffected by negative bias or closure [47]. Regressions, 
statistical comparisons and PCAs were run using JMP 7.0 (SAS Institute Inc.; Cary, NC, 
USA). 

3. Results and discussion 

3.1. Stable isotope profiles and trophic levels 

The values of � 1̂5N and � 1̂3C (mean ± standard deviation) found here are consistent to those 
reported in Galapagos sea lion pups (i.e., 13.1‰ ± 0.5‰ for � 1̂5N, and -14.5‰ ± 0.5‰ for 
� 1̂3C) in a recent study [31].No significant re lationship was observed between isotopic 
values and length of the pups (� 1̂5N: r = 0.005, p =0.7594; � 1̂3C:r = 0.18, p = 0.0626) or weight 
(� 1̂5N:r = 0.0001, p =0.9645; � 1̂3C: r = 0.18, p = 0.0752). Although female pups appeared to 
exhibit higher values of � 1̂5N compared to male pups (t-test = 2.3767, p = 0.0288), � 1̂3C 
values between males and females were similar (t-test = -0.3326, p = 0.7433). In addition, 
no significant inter-site differences in � 1̂5N (ANOVA, p  = 0.4235) and �1̂3C (ANOVA, p  = 
0.8378) values were found among rookeries. This indicates that site or foraging location 
had minimal influence on the isotope ratios. The lack of differences was further 
minimized by sampling similar ontogenetic stages (i.e., pups of similar age, development 
and size), and a metabolically inactive tissue (i.e., fur hair), which is corroborated by the 
fact that hair is an inert tissue containing physiological and dietary information (isotopic 
signals) [48]. 

Based on the �1̂5Nvalues, the trophic level (TL) measured here for the Galapagos sea lion 
(� 1̂5N = 13.0; TL = 4.2) fall within the range of those recently reported (i.e., � 1̂5N =12.6�º13.4; TL 
= 4.1�º4.4) elsewhere [30, 31, 43]. The � 1̂5N values for thread herrings and mullets were 9.4‰ 
± 1.77‰ (TL = 3.1), and 12.7‰ ± 1.10‰ (TL = 4.1), respectively, while the � 1̂3C values for 
thread herrings and mullets were  -17.0 ±0.70 and -9.34 ±0.80. 
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3.2. POP concentrations in animals and inter-site comparisons 

3.2.1. Galapagos sea lions 

Observed concentrations of selected POPs in Galapagos sea lion and two of its main prey 
items are summarized in Table 1. Galapagos sea lions represented the largest number of 
organisms sampled in this study ( n = 41) and exhibited the highest concentrations of PCBs 
and OC pesticides. The multi-comparison post hoc analysis, including sea lions and prey 
fish, showed that no significant differenc es in OC pesticides and PCB congener 
concentrations were observed between male and female pups. Fish prey commonly 
exhibited significantly lower concentrations than Galapagos sea lion pups (ANOVA and 
multi-comparisons Tukey-Kramer (HSD) post-hoc test, p< 0.05) (Table 1, Figure 2).  

Concentrations of �Ì DDTs in Galapagos sea lions ranged from 16.0 to 1700 �•g/kg lipid and 
�Ì DDTs were the predominant OC pesticide in Galapagos sea lion pups, as previously 
reported [35]. �Ì Chlordanes were the second most abundant group of contaminants 
present. Trans-nonachlor represented 68% of �Ì chlordanes, followed by cis-chlordane, cis-
nonachlor and trans-chlordane (Table 1), a pattern comparable to that reported in pups of 
southern elephant seals (Mirounga leonina) [49] and Weddell seals (Leptonychotes weddellii) 
[50]. This indicates that trans-nonachlor is a predominant chlordane compound in 
pinnipeds. 

Within the hexachlorocyclohexanes (HCHs), �†-HCH was the only isomer detectable in all 
pups (>MDL). �†-HCH was the dominant HCH isomer in blubber samples of California sea 
lions (Zalophus californianus) from Baja California [51] and in  toothed cetaceans from tropical 
and temperate waters of the Indian and North  Pacific oceans [52] due to the greater 
biomagnification of th e most bioaccumulative �†-HCH versus �‡-HCH [3, 20]. Interestingly, 
the mean �†-HCH concentration in Galapagos sea lions was higher than the mean �Ì HCH 
concentrations measured in spinner dolphins (Stenella longirostris) (21.3 �•g/kg lipid) 
captured in a marine area of the Eastern Tropical Pacific [52] in offshore waters north of the 
Galapagos.  

Both dieldrin and mirex were detected in all pups with concentrations ranging from 0.85 to 
24 �•g/kg lipid for mirex and from 9.00 to 83.0 �•g/kg lipid for dieldrin. Concentrations of 
�Ì PCBs (i.e., sum of 20 PCB congeners) ranged between 16.0 and 380 (�•g/kg lipid) in pups 
and from 1.0 to 140 (�•g/kg lipid) in fish preys (Table 1). 

3.2.2. Fish prey 

OC pesticides, including �Ì DDTs, chlordanes, �†-HCH, dieldrin and mirex, and individual 
PCB congeners detected in Galapagos sea lion pups were also detected (> MDL) in all 
sampled thread herring and mullet prey samples. Significantly lower concentrations of 
OC pesticides and PCBs were found in thread herrings and mullets than in Galapagos sea 
lion pups (ANOVA and multi-comparison s Tukey-Kramer (HSD) post-hoc test, p< 0.05; 
Table 1). PCB 202 was the only congener exhibiting similar concentrations in sea lions and 



�
New Approaches to the Study of Marine Mammals 

 

86 
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fish (ANOVA, p> 0.05), suggesting a lack of its bioaccumulation in the food chain. 
Although thread herring and mullet showed differences in � 1̂5N values or trophic levels 
and foraging strategies, concentrations of POPs in these two species were similar  
(Figure 2) with the exception of mirex and cis-nonachlor, which were higher in 
planktivorous thread herrings than in mullets. Endosulfan sulphate was detected in all 
mullet samples ranging from 0.07 to 0.22 �•g/kg lipid, with an arithmetic mean of 0.16 
�•g/kg lipid. Only two thread herring samples exhibited detectable concentration of this 
pesticide (0.002–0.05 �•g/kg lipid). Endosulfan sulphate was not detected in any of the 
biopsy samples of pups.  
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���������  Inter-species comparisons of �Ì PCB and organochlorine pesticide (mirex, dieldrin, �†-HCH, 
�Ì Chlordanes, p,p-DDE, �Ì DDT) concentrations. Asterisks indicate that concentration in the Galapagos 
sea lion were significantly higher (p < 0.05) than those found in mullets and thread herrings. Error bars 
are standard deviations. 

The PCB composition in prey showed a different compositio n of PCB congeners compared 
to that of sea lions pups (Figure 3). Higher chlorinated PCBs, i.e., Hepta, Octa and Nona-
chlorinated biphenyls (PCBs 180–201) were more abundant in thread herrings and mullets 
than in Galapagos sea lion pups. This indicates the possible role of biotransformation, 
reduced uptake of PCBs, or a natural placental barrier for heavier PCBs in sea lions. Lower 
chlorinated PCB congeners, ranging from PCB 43/44 to PCB 118 (Tetra to Penta- chlorinated 
biphenyls), make up an important contribution ( �¿ 37% ± 7.25%) to the total PCB 
concentrations suggesting a lighter PCB signature (“equatorial fingerprint”) in the 
Galapagos sea lion, mullet and thread herring compared to that observed in many arctic 
biota. 
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 Galapagos sea lion (predator) Fish (prey)
p-value 

 Female pups Male pups Thread herring Mullet

 (n = 10) (n = 10) (n = 4) (n = 6)  

Lipid (%) 75.9 ± 3.50 77.8 ± 2.45 1.22 ± 0.86 2.86 ± 2.00  

p,p’-DDE 480 ± 120 A 505 ± 180 A 3.30 ± 1.00 B 2.22 ± 0.700 B <0.05* 

 (65.4–1183) (13.6–1650) (0.669–5.00) (0.620–5.20)  

p,p'-DDT 13.0 ± 2.85 A 8.60 ± 1.08 A 0.070 ± 0.046 B 0.130 ± 0.051 B <0.05* 

 (1.70–29.0) (0.974–12.0) (ND–0.195) ND–0.300  

p,p'-DDD 20.0 ± 4.73 A 17.0 ± 4.60 A 0.440 ± 0.140 B 0.550 ± 0.170 B <0.05* 

 (1.88–44.0) (0.965–54.0) (0.036–0.70) (0.155–1.30)  

�ÌDDT 516 ± 125 A 533 ± 183 A 4.00 ± 1.26 B 3.00 ± 0.910 B <0.05* 

 (71.2–1230) (16.3–1666) (0.705–6.05) (0.820–6.80)  

Mirex 8.60 ± 1.76A 6.40 ± 2.20 A 0.330 ± 0.030 B 0.040 ± 0.008 C <0.05** 

 (2.50–21.0) (0.850–24.0) (0.250–0.400) (0.028–0.080)  

Dieldrin 31.0 ± 7.26 A 22.0 ± 4.80 A 0.600 ± 0.204 B 0.880 ± 0.128 B <0.05** 

 (9.00–83.0) (9.00–63.0) (0.005–0.90) (0.400–1.30)  

�†-HCH  34.2 ± 4.00A 26.0 ±7.05 A 0.440 ± 0.090 B 0.495 ± 0.095 B <0.05** 

 (18.3–52.0) (7.75–78.0) (0.229–0.620) (0.041–0.650)  

trans-
chlordane  

0.410 ± 0.100 A 0.65 ± 0.10 A 0.070 ± 0.027 B 0.040 ± 0.015 B <0.05** 

 (ND–0.840) (0.273–1.03) (ND–0.130) (ND–0.110)  

cis-
chlordane  

17.2 ± 2.67 A 15.0 ± 2.75 A 0.455 ± 0.140 B 0.250 ± 0.053 B <0.05* 

 (6.800–34.0) (3.60–31.0) (0.049–0.670) (0.120–0.482)  

trans-
nonachlor  

73.0 ± 12.0 A 65.0 ± 22.0 A 0.860 ± 0.191 B 0.40 ± 0.072 B <0.05** 

 (37.0–146) (11.0–214) (0.430–1.30) (0.160–0.570)  

cis-
nonachlor  

16.0 ± 3.20 A 10.0 ± 2.10 A 0.300 ± 0.109 B 0.195 ± 0.050 C <0.05* 

 (3.7–31.8) (3.56–25.8) (ND–0.510) (0.075–0.380)  

�ÌChlordanes 107 ±15.0 A 90.5 ± 25.2 A 1.70 ± 0.445 B 0.870 ± 0.175 B <0.05* 

 (48.1–180) (18.8–255) (0.481–2.50) (0.372–1.50)  

PCB 52 3.20 ± 0.530 A 2.10 ± 0.610 A 0.210 ± 0.030 B 2.20 ± 1.85 B <0.05** 

 (1.13–5.60) (0.332–7.05) (0.136–0.270) (0.055–11.0)  

PCB 74 2.60 ± 0.410 A 2.00 ± 0.510 A 0.100 ± 0.009 B 0.280 ± 0.220 B <0.05** 

 (1.40–5.10) (0.340–4.40) (0.050–0.085) (0.012–1.40)  

PCB-95 2.80 ± 0.303 A 2.20 ± 0.320A 0.300 ± 0.090 B 2.02 ± 1.70 B 0.05** 

 (1.63–4.83) (0.873–3.75) (0.018–0.413) (0.026–10.4)  
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fish (ANOVA, p> 0.05), suggesting a lack of its bioaccumulation in the food chain. 
Although thread herring and mullet showed differences in � 1̂5N values or trophic levels 
and foraging strategies, concentrations of POPs in these two species were similar  
(Figure 2) with the exception of mirex and cis-nonachlor, which were higher in 
planktivorous thread herrings than in mullets. Endosulfan sulphate was detected in all 
mullet samples ranging from 0.07 to 0.22 �•g/kg lipid, with an arithmetic mean of 0.16 
�•g/kg lipid. Only two thread herring samples exhibited detectable concentration of this 
pesticide (0.002–0.05 �•g/kg lipid). Endosulfan sulphate was not detected in any of the 
biopsy samples of pups.  

��

*

*

*

*

*

*

*

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

Mullet Thread herring Galapagos sea lion

L
o

g
  P

O
P

s 
 (

��
g

/k
g

  
lip

id
)

mirex dieldrin �� -HCH �™Chlordanes �™PCB p,p'-DDE �™DDT

 
���������  Inter-species comparisons of �Ì PCB and organochlorine pesticide (mirex, dieldrin, �†-HCH, 
�Ì Chlordanes, p,p-DDE, �Ì DDT) concentrations. Asterisks indicate that concentration in the Galapagos 
sea lion were significantly higher (p < 0.05) than those found in mullets and thread herrings. Error bars 
are standard deviations. 

The PCB composition in prey showed a different compositio n of PCB congeners compared 
to that of sea lions pups (Figure 3). Higher chlorinated PCBs, i.e., Hepta, Octa and Nona-
chlorinated biphenyls (PCBs 180–201) were more abundant in thread herrings and mullets 
than in Galapagos sea lion pups. This indicates the possible role of biotransformation, 
reduced uptake of PCBs, or a natural placental barrier for heavier PCBs in sea lions. Lower 
chlorinated PCB congeners, ranging from PCB 43/44 to PCB 118 (Tetra to Penta- chlorinated 
biphenyls), make up an important contribution ( �¿ 37% ± 7.25%) to the total PCB 
concentrations suggesting a lighter PCB signature (“equatorial fingerprint”) in the 
Galapagos sea lion, mullet and thread herring compared to that observed in many arctic 
biota. 
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 Galapagos sea lion (predator) Fish (prey)
p-value 

 Female pups Male pups Thread herring Mullet

 (n = 10) (n = 10) (n = 4) (n = 6)  

Lipid (%) 75.9 ± 3.50 77.8 ± 2.45 1.22 ± 0.86 2.86 ± 2.00  

p,p’-DDE 480 ± 120 A 505 ± 180 A 3.30 ± 1.00 B 2.22 ± 0.700 B <0.05* 

 (65.4–1183) (13.6–1650) (0.669–5.00) (0.620–5.20)  

p,p'-DDT 13.0 ± 2.85 A 8.60 ± 1.08 A 0.070 ± 0.046 B 0.130 ± 0.051 B <0.05* 

 (1.70–29.0) (0.974–12.0) (ND–0.195) ND–0.300  

p,p'-DDD 20.0 ± 4.73 A 17.0 ± 4.60 A 0.440 ± 0.140 B 0.550 ± 0.170 B <0.05* 

 (1.88–44.0) (0.965–54.0) (0.036–0.70) (0.155–1.30)  

�ÌDDT 516 ± 125 A 533 ± 183 A 4.00 ± 1.26 B 3.00 ± 0.910 B <0.05* 

 (71.2–1230) (16.3–1666) (0.705–6.05) (0.820–6.80)  

Mirex 8.60 ± 1.76A 6.40 ± 2.20 A 0.330 ± 0.030 B 0.040 ± 0.008 C <0.05** 

 (2.50–21.0) (0.850–24.0) (0.250–0.400) (0.028–0.080)  

Dieldrin 31.0 ± 7.26 A 22.0 ± 4.80 A 0.600 ± 0.204 B 0.880 ± 0.128 B <0.05** 

 (9.00–83.0) (9.00–63.0) (0.005–0.90) (0.400–1.30)  

�†-HCH  34.2 ± 4.00A 26.0 ±7.05 A 0.440 ± 0.090 B 0.495 ± 0.095 B <0.05** 

 (18.3–52.0) (7.75–78.0) (0.229–0.620) (0.041–0.650)  

trans-
chlordane  

0.410 ± 0.100 A 0.65 ± 0.10 A 0.070 ± 0.027 B 0.040 ± 0.015 B <0.05** 

 (ND–0.840) (0.273–1.03) (ND–0.130) (ND–0.110)  

cis-
chlordane  

17.2 ± 2.67 A 15.0 ± 2.75 A 0.455 ± 0.140 B 0.250 ± 0.053 B <0.05* 

 (6.800–34.0) (3.60–31.0) (0.049–0.670) (0.120–0.482)  

trans-
nonachlor  

73.0 ± 12.0 A 65.0 ± 22.0 A 0.860 ± 0.191 B 0.40 ± 0.072 B <0.05** 

 (37.0–146) (11.0–214) (0.430–1.30) (0.160–0.570)  

cis-
nonachlor  

16.0 ± 3.20 A 10.0 ± 2.10 A 0.300 ± 0.109 B 0.195 ± 0.050 C <0.05* 

 (3.7–31.8) (3.56–25.8) (ND–0.510) (0.075–0.380)  

�ÌChlordanes 107 ±15.0 A 90.5 ± 25.2 A 1.70 ± 0.445 B 0.870 ± 0.175 B <0.05* 

 (48.1–180) (18.8–255) (0.481–2.50) (0.372–1.50)  

PCB 52 3.20 ± 0.530 A 2.10 ± 0.610 A 0.210 ± 0.030 B 2.20 ± 1.85 B <0.05** 

 (1.13–5.60) (0.332–7.05) (0.136–0.270) (0.055–11.0)  

PCB 74 2.60 ± 0.410 A 2.00 ± 0.510 A 0.100 ± 0.009 B 0.280 ± 0.220 B <0.05** 

 (1.40–5.10) (0.340–4.40) (0.050–0.085) (0.012–1.40)  

PCB-95 2.80 ± 0.303 A 2.20 ± 0.320A 0.300 ± 0.090 B 2.02 ± 1.70 B 0.05** 

 (1.63–4.83) (0.873–3.75) (0.018–0.413) (0.026–10.4)  
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1. Introduction 

Incidences of infectious diseases in marine mammals have been increasing [1]. Among them, 
morbillivirus infection is the greatest threat to marine mammals becuase it has caused mass 
die-offs in several pinniped and cetacean species in the past few decades [2,3]. The genus 
Morbillivirus  belongs to the family Paramyxoviridae, and the viruses in this genus have a 
genome consisting of a single piece of negative-stranded RNA, which encodes eight viral 
proteins: a nucleocapsid protein (N); a phosphoprotein (P); two virulence factors (C and V); 
a matrix protein (M); a membrane fusion prot ein (F); a hemagglutinin binding protein (H); 
and an RNA polymerase (L) [4]. The two vi ral surface glycoproteins, H and F, play 
important roles during the viral infection of host cells. The H protein is required for viral 
attachment to the host cells, while the F protein mediates membrane fusion with the host 
plasma membrane and enables the entry of the virus.  

Until the discovery of a new mobillivirus in marine mammals in 1988, only four 
morbillivirus species had been identified in land mammals: the measles virus (MV); 
rinderpest virus (RPV); peste des petits ruminants virus (PPRV); and canine distemper virus 
(CDV) [4]. The new morbillivirus was isolated from dead harbor seals ( Phoca vitulina) in a 
mass die-off around the Baltic and North Sea coasts and was named phocine distemper 
virus (PDV) [5,6]. Two other new viruses origin ating in cetaceans were also isolated from 
dead harbor porpoises (Phocoena phocoena) and striped dolphins ( Stenella coeruleoalba) and 
were named porpoise morbillivirus (PMV) and dolphin morbillivirus (DMV) [7,8]. Based on 
the similarities of the gene sequences, it was proposed that the cetacean-origin viruses be 
unified as a single species, cetacean morbillivirus (CMV) [9,10].  
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1. Introduction 

The 16th century maritime Atlantic journeys were  one of the most ground breaking and 
prolific sources of scientific knowledge in nautical cartography, geography and 
ethnography, and also in the natural sciences [1]. The European pioneering exploration of 
Africa and Brazil resulted in writer and naturalist records of the new, exotic and useful, 
originating natural history studies in Europe ba sed on observations in zoology, botany and 
tropical medicine [2]. Since then, explorers, travellers and traders have brought animals and 
natural objects to Europe. Previously, however, coastal inhabitants all over the world used 
near shore habitats and resources, altering marine ecosystems and their dynamics [3].  

The marine environmental history refers to the mutual interactions between humans and 
the marine natural world [4], ambitioning to understand how humans have integrated the 
sea into their living style through the change s brought by time [5]. The environmental 
historical approach offers a multidisciplin ary and long term research approach to 
anthropogenic interactions with marine life, al beit being largely incomplete when compared 
to its terrestrial counterparts [3]. Most of the available literature pertains to the study of 
invertebrates [6] and fish [7, 8], while historical  research on the presence of cetaceans over 
time remains largely incomplete, particularly for the Northeast Atlantic [9]. Marine 
mammals are very useful tools to evaluate marine environmental changes as they are easily 
identified in historiography (particularly in le tters, journey diaries, natural history treaties), 
making it possible to relate their presence records with their environm ental conditions [10]. 
Marine mammals are of relatively large proporti ons that require surface visits to breathe, 
features that enhanced the awareness and interest in different human cultures around the 
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1. Introduction 

The 16th century maritime Atlantic journeys were one of the most ground breaking and 
prolific sources of scientific knowledge in nautical cartography, geography and 
ethnography, and also in the natural sciences [1]. The European pioneering exploration of 
Africa and Brazil resulted in writer and naturalist records of the new, exotic and useful, 
originating natural history studies in Europe based on observations in zoology, botany and 
tropical medicine [2]. Since then, explorers, travellers and traders have brought animals and 
natural objects to Europe. Previously, however, coastal inhabitants all over the world used 
near shore habitats and resources, altering marine ecosystems and their dynamics [3].  

The marine environmental history refers to the mutual interactions between humans and 
the marine natural world [4], ambitioning to understand how humans have integrated the 
sea into their living style through the changes brought by time [5]. The environmental 
historical approach offers a multidisciplinary and long term research approach to 
anthropogenic interactions with marine life, albeit being largely incomplete when compared 
to its terrestrial counterparts [3]. Most of the available literature pertains to the study of 
invertebrates [6] and fish [7, 8], while historical research on the presence of cetaceans over 
time remains largely incomplete, particularly for the Northeast Atlantic [9]. Marine 
mammals are very useful tools to evaluate marine environmental changes as they are easily 
identified in historiography (particularly in letters, journey diaries, natural history treaties), 
making it possible to relate their presence records with their environmental conditions [10]. 
Marine mammals are of relatively large proportions that require surface visits to breathe, 
features that enhanced the awareness and interest in different human cultures around the 
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world. Marine mammals were historically ta rgets of hunting with economic purposes. 
During the 16th and 17th centuries, tortoiseshell, shark teeth, marine mammals’ blubber and 
baleen, seal skin, ambergris [11], narwhal tusks, pearls and coral [12], and a host of other 
products were trade commodities  of considerable value. Some exotic marine animals and 
products, especially if they were rare and difficult to catch and possess, were of particular 
interest and priceless to European royalty, scientists, and collectors. This was because of 
their perceived economical and spiritual values , but also due to their applications with 
mundane (medicine, food, condiments, aphrodisiacs), symbolic, talismanic or superstitious 
purposes. [13]. The transaction process, the local natural ecosystems on which they acted 
and perceptions towards the marine environment changed [3] [5]. Remains of seals, whales 
and dolphins are currently found at museums, universities, and even private collections [2]. 

The present work contemplates a large timeframe from early modern to modern times and 
is based on Portuguese sources. Aspects of marine environmental history will be addressed 
engaging with elements from the history of  science and framing Portuguese maritime 
history within an Atlantic history. Atlantic hist ory is an analytic construction and a specific 
category of historical analysis that helps to organize the study of the emergence of this ocean 
basin as a site for several and distinct forms of commercial exchange [14]. In order to 
approach the Atlantic history, a novel approa ch was chosen in this work, based on the 
exploitation patterns, trading fe atures and scientific knowledge of Atlantic marine mammals 
collected in various sources over the years, all aspects still to be covered. Seals and whales 
are historically linked to local communities that exploited their body parts. This commerce 
was affected by changing markets, evolving technologies, scientific studies, regulations 
regarding access, and contradictory opinions regarding sustainability. Records on this 
commerce represent a valuable source of information about the characteristics and 
fluctuations of the exploitation market and indirectly about the condition of its inherent 
marine environment. Studies on whaling must include historical and an economics insight 
so as to provide a comprehensive interpretation of the natural resources shifts. By 
historically approaching marine mammals as a case study has a great potential to enhance 
our understanding of the interactions between  the human culture and nature in the early 
modern and modern world.  

2. Integrating natural and social sciences sources 

Environmental history is an interdisciplinary field of History that receives inputs from 
different areas of human, social and natural sciences. Reliable data on historical occurrences 
provides relevant information on how communities, populations and species have shifted 
over long timelines [15, 16] and allows establishing baseline datasets [17]. Of paramount 
importance and more precisely, historical accounts on marine mammals may be extremely 
useful to add new data to their occurrence and distribution in poorly studied regions [17], 
and to compare past information with recent da ta [18]. The historical relationships between 
humans and marine mammals, such as sealing, whaling, use and trade of goods, strandings 
and naturalist sightings, have been regularly  documented throughout time though various 
sources. However, for some regions such as for the Atlantic Ocean, data is still sparse and 
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requires collection of the various sources and subsequent interpretation. There are several 
advantages in using historical data to extract biological information. Usually, in a historical 
source it is possible to find abundant and novel information on unspoiled populations, and 
on species (or groups) occurrence and distribution. This information can then be used as an 
indicator of past biodiversity, enabling the stud y of baseline levels and changes in cetaceans’ 
presence and importance, as well as making the connection of biology with history, 
economics and culture. 

In the present work, inter-cult ural trade of exotic marine animals has a well-documented 
history that changed dramatically with the European Overseas Expansion. From the 16th 
century onwards many animals were brought to Europe mainly by the Portuguese, starting 
a new period in natural history [2]. The Portuguese reports correspond mainly to 
descriptions based on empirical knowledge accumulated in successive maritime routes, 
where the occurrence of species or animal groups was recorded. Navigators associated the 
presence of frequent animal to specific location so as to estimate their position.   

 
���������  Representation of whaling in Portuguese shores and the encounter of Portuguese navigators 
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Ponta Delgada, Madeira, representing all air, land and sea animals, with symbols related to the 
Portuguese Atlantic Discoveries. Photographed in 2009 by the author. 
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indicator of past biodiversity, enabling the stud y of baseline levels and changes in cetaceans’ 
presence and importance, as well as making the connection of biology with history, 
economics and culture. 
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a new period in natural history [2]. The Portuguese reports correspond mainly to 
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1. Introduction 

Utilization of marine mammals in general and of whales in particular has varied greatly 
across historical periods and geographical locations. From prehistoric times (e.g., Stringer et 
al. 2008), the use of these animals was opportunistic by taking advantage of animals either 
beached (animals arrived dead on the coast) or stranded (animals arrived live on the coast). 
Later shore whaling (active whaling using small boats launched from the coast for a few 
hours) took place, and later came the development of industrial whaling, which engaged 
larger vessels embarked in whaling expeditions that might have lasted up to several years at 
a time. The heyday of industrial whaling took place during the mid-nineteenth century and 
was epitomized by Yankee whaling (Sanderson 1993). 

For the purposes of this chapter, I define Yankee whaling as an offshore fishery carried out 
by American whaling vessels between 1712 and 1925 (Starbuck 1876, p. 20; Hegarty 1959, p. 
47). The geographical area considered as Caribbean Basin for the purpose of this chapter is 
defined as all the coasts (clockwise) of Venezuela, northern Colombia, eastern Central 
America, the Yucatán Peninsula, and all of the coasts of the Antilles from Cuba down to 
Trinidad including the Bahamas and Bermuda. The Bahamas are commonly included as 
part of the Caribbean Basin from a geological and cultural viewpoint. Bermuda, although 
being geographically an oceanic island in the western North Atlantic, has cultural ties to 
many of the Caribbean Basin countries including being the springboard for numerous 
whaling operations in the region (Romero 2006).  

The aim of this chapter is to describe Yankee whaling in the Caribbean Basin in a historical 
context to understand its development, cultural, and ecological impact. 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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